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ABSTRACT
IRS24 is a strain of Deinococcus radiodurans carrying mutations in two loci,
uvrA and irrE, rendering it sensitive to the lethal effects of UV and ionizing radiation.
These sensitivities can be reversed by introducing the wild type irrE allele back into
IRS24 via natural transformation. The irrE allele was localized to a 970bp region of D.
radiodurans R1 Chromosome I containing one putative open reading frame, DR0167,
and 179bp of upstream sequence. Subsequent sequence analysis of the irrE allele in
IRS24 revealed a transition mutation at codon 111 of DR0167 (IrrE) resulting in an
arginine to cysteine amino acid substitution. IrrE was also inactivated by transposon
mutagenesis in the wild type strain, R1. The insertion mutant, LSU2030, has a more
pronounced sensitivity to both UV and ionizing radiation suggesting that IRS24’s IrrE
retains some activity. BLASTp analysis of IrrE reveals only minimal similarity to
proteins currently available in protein sequence databases. A “weak” helix-turn-helix
motif was identified within this protein that may indicate a capacity to bind DNA and,
perhaps, a potential role for IrrE in gene regulation. To test whether the mutation in IrrE
causes a regulatory deficiency, we examined the pattern of transcription following
ionizing radiation, comparing LSU2030 and R1 using DNA microarray technology. Our
analysis has determined that IrrE is a transcriptional activator that controls expression of
many genes including recA. A recent investigation has shown that, as in E. coli’s
response to stress, RecA is necessary for proteolytic cleavage of the LexA repressor in D.
radiodurans. However, unlike the E. coli paradigm, deinococcal RecA is not controlled
by LexA. Functional IrrE appears to be necessary for recA induction and in mounting an
effective response to exogenous stress. This analysis along with examination of the
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transcriptional changes exhibited by R1 and a lexA-defective strain following ionizing
radiation has focused our attention to a subset of 12 genes that are induced during D.
radiodurans’ response to ionizing radiation and recovery from prolonged desiccation.
These genes appear to be critical to this species’ ability to survive both stresses and may
be involved in DNA double strand break repair.

xii

CHAPTER ONE – INTRODUCTION
The bacterium Deinococcus radiodurans was first discovered in 1956 as small
pink colonies growing on meat thought to have received a sterilizing dose of ionizing
radiation (5). D. radiodurans is now recognized as the type species of the
Deinococcaceae (14), one of the most ionizing radiation resistant families of bacteria
discovered to date. This non-spore-forming bacterium is able to survive extreme doses of
ionizing radiation without any lethality or evidence of mutagenesis by actively repairing
its damaged genome. Despite these extraordinary capabilities, D. radiodurans has
remained little more than a scientific curiosity for the majority of the research
community. This recently changed when the Department of Energy became interested in
using D. radiodurans as a potential tool in the bioremediation of radioactive mixed waste
sites found throughout the United States. This interest and the subsequent funding
opportunities that accompanied it have greatly facilitated deinococcal research most
notably by prompting the sequencing of the D. radiodurans genome. In November of
1999, The Institute for Genomic Research (TIGR) published the entire genome sequence
in Science (202). Although the release of the genome sequence has been an invaluable
boon to the deinococcal research community, it has also been inherently unsatisfying in
that it revealed almost nothing of the resistance mechanisms employed by this organism.
In fact, the majority of protein homologues identified within the annotated sequence look
like proteins of Escherichia coli, a bacterium that is more than 200 times more sensitive
to ionizing radiation than D. radiodurans. However, more than half of the predicted open
reading frames (orfs) within the genome encode proteins with unknown function and over
half of these (1002 orfs) have absolutely no database match to genes from any other
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sequenced organism to date. We believe that the key to D. radiodurans’ extraordinary
radio-resistance may ultimately be found within this repertoire of uncharacterized genes.
Historically, the way in which novel repair and stress response proteins and
pathways were discovered entailed 1) the study of mutants that were unable to survive a
particular stress relative to the wild-type strain and 2) the analysis of an organism’s
overall inducible response to a particular stress (i.e., lac fusions were used to elucidate
SOS response constituents in E. coli (98)). This dissertation details our efforts to identify
the components of D. radiodurans’ response to ionizing radiation- and desiccationinduced stress using a combination of these two basic approaches and aided by the latest
technology in expression profiling, DNA microarrays.
I. D. radiodurans Belongs to the Family Deinococcaceae
The Deinococcaceae is the only family belonging to the order Deinococcales
(14). This family is currently comprised of seven members: D. radiodurans, D.
proteolyticus, D. radiopugnans, D. grandis, D. geothermalis, D. murrayi and D.
radiophilus. Although members of this family vary in shape, ecological niche and
optimal growth temperature they all share the same extraordinary ability to survive high
doses of ionizing radiation. Other general characteristics shared among these species
include chemoorganotrophic metabolism, aerobic respiration and catalase production
(14). These vegetative bacteria are also non-motile and notably do not exhibit a
differentiated resting form (14). In other words, at no time in the deinococci’s life cycle
or in its response to stress do these cells passively protect themselves by undergoing
programmed morphological changes like that of other stress resistant prokaryotes (i.e.,
Bacillus). The genus Deinococcus is most closely related to the genus Thermus; the two
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genera forming a deeply rooted phylum in the bacterial family tree that appears to have
diverged relatively early in evolutionary time. Although phylogenetically related,
Thermus species do not exhibit the deinococci’s resistance to ionizing radiation.
The Gram positive D. radiodurans is the type species of the family. This
bacterium is a red-pigmented coccus that forms pairs and tetrads when grown in liquid
culture. Its optimal growth temperature is 30oC, but it can grow heartily up to 37oC with
a reduction in growth rate at higher temperatures followed by a complete cessation of
growth at 45oC and higher. D. radiodurans cultures are typically grown in a TGY
medium (0.5% tryptone, 0.3% yeast extract and 0.1% glucose) with aeration. Under
these conditions D. radiodurans cells exhibit a doubling time of approximately 80
minutes and achieve a stationary phase density of approximately 1 x 108 colony forming
units per milliliter (cfu/ml).
The 3.3 Mbp genome contains four different elements: 2.64 Mbp chromosome,
412 Kbp chromosome, 177 Kbp megaplasmid and a 45 Kbp plasmid (202). These four
genetic elements are present in multiple copies (4-10 per cell) throughout D. radiodurans
life cycle (80, 83) and are always found at an equal ratio of 1:1:1:1 (MJ Park and Battista,
unpublished results) suggesting that all are indispensable to normal growth. The four
genetic elements are GC rich with an average GC content of 67 mol%. However, the
plasmid is statistically less GC rich (56 mol%) than the other three elements, suggesting
that it may have been horizontally transferred into D. radiodurans’ genome later in the
species’ evolution. The genome is predicted to contain 3187 open reading frames; only
1493 of which have had a putative function assigned. The remaining 1694 orfs fall into
three categories: 1) 181 encode proteins of unknown function - these proteins are known
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to be expressed in other species, but their function remains unknown, 2) 511 orfs encode
conserved hypothetical proteins- these putative proteins have homologues in other
species, but there is not yet biochemical evidence that a protein is made, and 3) 1002 orfs
encode hypothetical proteins – these putative proteins do not have homologues in other
species. This means that over 50% of the predicted orfs in D. radiodurans R1 encode
proteins of unknown function.
Unfortunately, standard genetic methods commonly used in other prokaryotes are
not available for use in D. radiodurans. There is no evidence that D. radiodurans
transfers genetic information by conjugation (140) or is transduced; there is no known
phage capable of infecting this organism (140, 176). It is, however, transformable
throughout exponential phase growth and readily takes up and integrates homologous
DNA with marker specific efficiencies of between 0.01-3.0% (190). Although the
precise mechanism for how D. radiodurans processes transforming DNA during uptake
has never been determined, circular and linear forms of DNA will transform with equal
efficiencies (Earl and Battista, unpublished results). Transformation with circular DNA
often results in the integration of the circle, creating direct repeats that flank the site of
integration. Circular DNA, integrated in this way, is unstable; there is the potential for
tandem duplication of the integrated segment during selection and the possibility of
complete loss of the insertion in the absence of selection. In contrast, transformation with
linear DNA results in a stable genetic exchange between the transforming and recipient
DNA. Chromosomal DNA, plasmid DNA and even polymerase chain reaction (PCR)
amplified products can be used to transform D. radiodurans.
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II. D. radiodurans Is Highly Resistant to a Number of DNA Damaging Agents
A. Ionizing Radiation
D. radiodurans’ extraordinary ionizing radiation resistance is depicted in Figures
1.1 and 1.2. Figure 1.1 illustrates the relative survival of D. radiodurans R1 (ATCC
13939) with that of another vegetative bacterium, Escherichia coli B/r. R1 exhibits a
shoulder of resistance with no loss of viability that extends to a dose of 5,000 Gray (Gy)
or 500,000 Rads of ionizing radiation. Beyond this shoulder dose, there is a precipitous
loss of viability as the amount of damage introduced begins to overwhelm the cell’s
repair capacity. E. coli B/r, on the other hand, exhibits no shoulder of resistance at the
doses tested and has less than 0.1% survival at a 1,000 Gy dose. It is clear that although
these two vegetative bacteria are similar in size and DNA content, D. radiodurans has
mechanisms that permit this species to survive doses of ionizing radiation 200 times
higher than that of E. coli.
D. radiodurans does not passively protect itself from ionizing radiation; instead
the survival exhibited by R1 in Figure 1.1 is due to the cell’s amazing ability to
accurately repair extensive DNA damage. Figure 1.2 is a reverse image of a pulsed field
gel that has been stained with ethidium bromide. This image reveals what happens to the
genome of D. radiodurans immediately following (Lane 3) and as it recovers from
(Lanes 4-6) a sub-lethal, 3,000 Gy dose of ionizing radiation. 3,000 Gy will introduce no
less than 120 DNA double stranded breaks (dsbs) into each genome copy (176). This
insult is apparent in Lane 3 as the upper molecular weight chromosomal bands seen in the
un-irradiated sample (Lane 2) are no longer present, being replaced by a darkly stained
smear of lower molecular weight DNA. All of the damage that is predicted to occur
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Figure 1.1. Representative survival curves for Deinococcus radiodurans R1 (circles) and
Escherichia coli B/r (open circles) following exposure to ionizing radiation.
within the genomes of these cells is, in fact, occurring. However, after only a three hour
recovery (Lane 4) D. radiodurans has mended its fractured genome and has even begun
to replicate. Incredibly, this repair process is not only efficient, but also accurate; there is
no evidence of induced mutagenesis in cells recovering from this dose of ionizing
radiation. Zeringue and Battista (unpublished observations) have been unable to detect
an increase in forward mutation frequency to rifampicin, streptomycin or even 5-methyl
tryptophan resistance. The latter is especially significant because this phenotype may
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Figure 1.2. The ability of Deinococcus radiodurans R1 to survive the accumulation of
DNA double-strand breaks following exposure to a 3000 Gy dose of ionizing radiation.
Lane one contains a lambda size standard; lane two contains chromosomal DNA prepared
from an untreated culture; lane three contains chromosomal DNA prepared from a culture
immediately after irradiation; lanes four to six contain chromosomal DNA prepared from
a culture three, six and nine hours postirradiation, respectively. (12)
occur at a number of loci and the mutational spectrum includes deletions. In summary,
D. radiodurans possesses a very active repair system that not only functions to prevent
cell death, but also allows the cell to maintain its genetic integrity by avoiding the
introduction of mutations. This phenomenon is especially impressive considering that at
these sub-lethal doses, in addition to dsbs, there are literally thousands of single stranded
breaks and sites of base damage introduced within each copy of D. radiodurans’ genome
(176).
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B. Hydrogen Peroxide
Perhaps not surprisingly, D. radiodurans is also very resistant to other forms of
oxidative stress. For example, D. radiodurans is very resistant to the killing effects of
hydrogen peroxide. This organism maintains 90% viability when cells are exposed to 40
mM H2O2 for 60 minutes (200). Pre-treating D. radiodurans with lower levels of H2O2
for a short time will increase its survival at subsequently higher doses and for increased
incubation periods suggesting that D. radiodurans possesses an adaptive response to this
stress (200). Interestingly, H2O2 pre-treatment also enhances the survival of D.
radiodurans to ionizing radiation exposure indicating that the adaptive response for one
is sufficient to confer resistance to the other (200). The induction of some
uncharacterized oxidative stress response is protecting and/or repairing the cell from
damage caused by both of these stresses.
C. Ultraviolet Light (UV)
D. radiodurans is also better able to tolerate the lethal effects of UV irradiation
than other species (134, 140). The wild-type organism is fully resistant to UV doses as
high as 500 Jm-2; at higher doses there is an exponential loss in cell viability (53). The
most prevalent DNA lesion introduced by UV irradiation is the cyclobutylpyrimidine
dimer (CPD) and it is predicted that at a 500 Jm-2 dose 1% of the thymine in the genome
exists as a CPD (20, 195). Based on the size and GC content of D. radiodurans, it is
estimated that as many as 5,000 CPDs form in each copy of the genome at this dose. If
these dimers were distributed evenly throughout the genome there would be one CPD
every 640 bp.
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D. Mitomycin C
D. radiodurans is also resistant to the cross-linking agent, mitomycin C. This
compound introduces cross-links into the DNA, effectively locking together DNA helices
that cannot be re-opened unless the lesion is removed. D. radiodurans will grow on solid
media containing 60 ng/ml of this antibiotic and exhibits no loss in cell viability after a
ten minute exposure to a 20 µg/ml dose. An additional 30 minute exposure at this dose
will render 90% of the culture inviable as the level of cross-links overwhelms the cell’s
capacity to repair these lesions (101). Although it is difficult to determine the number of
cross-links within a cell’s genome, it has been estimated that after a ten minute exposure
to 20 µg/ml mitomycin C there are no less than 100 DNA cross-links per deinococcal
genome (101).
E. Desiccation
D. radiodurans is highly resistant to prolonged desiccation. A six week
incubation at <5% relative humidity does little to affect the survival of this bacterium; R1
exhibits only a 15% loss in cell viability following this period of desiccation (127). Even
more extraordinary is one anecdotal report of 10% survival after a D. radiodurans culture
remained six years in a desiccated state (144). These survival rates are unusual for nonspore-forming bacteria. However, prompted by the ability to select ionizing radiation
resistant organisms from environmental samples using desiccation, Mattimore and
Battista (127) have shown that the mechanisms by which D. radiodurans is able to
tolerate and repair damage caused by ionizing radiation are also those that confer
desiccation resistance to this organism (127). The process of dehydration is inherently
DNA damaging and will introduce dsbs not unlike what is seen in cells that have been
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irradiated (8, 48, 49). The finding that ionizing radiation resistance may simply be a
fortuitous by-product of the ability to survive prolonged desiccation has put to rest much
of the controversy surrounding the origin and evolution of this species (127).
III. Brief Review of D. radiodurans Literature
In the forty three years preceding the sequencing of the D. radiodurans genome
only approximately 200 manuscripts were published describing research regarding this
organism. In the three years since the release of the sequence this number has increased
by more than 100 and, despite this surge of research there is still no answer to the
question; “Why is D. radiodurans so ionizing radiation resistant?” This section will
briefly review what is known about D. radiodurans’ physiology and enzymology as it
relates to this species’ response to ionizing radiation.
A. Repair Physiology
A number of very early studies helped to chronicle the physiological changes that
occur in deinococcal cells recovering from ionizing radiation exposure. The picture that
emerged from these studies suggested that this organism responds to genetic insult in a
highly orchestrated manner. Initially, DNA replication is halted (139) followed by a
controlled, dose-dependent period of chromosomal digestion that is accompanied by a biphasic release of damaged nucleotides into the surrounding medium (111, 112, 197).
Replication resumes only after digestion and export are completed and the chromosome
has been reconstituted through a process that is at least partly dependent upon
homologous recombination (135, 139). Pre-treating deinococcal cultures with
chloramphenicol prior to irradiation prevents this coordinated process from occurring and
is lethal (47, 51). These events imply that D. radiodurans’ response to stress is regulated
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Figure 1.3 Schematic representation of the response of Deinococcus radiodurans to
ionizing-radiation-induced DNA damage. As DNA replication, degradation and
recombination repair are coordinately regulated, it is proposed that these processes are
sensitive to, or responsible for the generation of, intracellular signals. It is believed that
the ability of D. radiodurans to survive ionizing-radiation-induced DNA damage
involves recombination repair, the regulation of DNA replication and the export of
damaged nucleotides (12).
and is dependent upon newly synthesized proteins that are involved in both sensing and
regulating the cell’s response to stress. Figure 1.3 illustrates where these unidentified
signaling proteins or pathways may be acting during this course of events (12). We
believe that a novel protein, IrrE, introduced in Chapter 2 of this dissertation may
represent one such signaling component that either directly or indirectly stimulates the
transcription of genes necessary for D. radiodurans’ ability to tolerate extreme stress.
B. Repair Enzymology
Prior to the release of the genome sequence only eight characterized gene
products were known to positively contribute to D. radiodurans’ response to DNA
11

damage. Of these eight, only six were implicated in its response to ionizing radiation and
included proteins that were not entirely unexpected based on their roles in the stress
responses of other species. Relatively early on the recA gene was shown to be extremely
important to the ionizing radiation resistance of D. radiodurans by mutational
inactivation (76). RecA has continued to be of interest due to its multifunctional role as
both a co-protease and initiator of strand exchange during homologous recombination
(21). The genes polA (77) and recN (66) when inactivated were also shown to confer
extreme radio-sensitivity to these cells signifying their importance in D. radiodurans’
radio-resistance. polA encodes polymerase I which is involved in both DNA replication
(105) and nucleotide excision repair (166) and although the exact function of RecN
remains to be elucidated it has been shown to facilitate DNA double strand break repair
in other species (157). The two genes, katA (catalase) and sodA (superoxide dismutase),
were also analyzed for their contribution to D. radiodurans’ radio-resistance by targeted
mutagenesis (123). Neither gene appeared to be of much consequence to the radiation
survival of this species (123) suggesting that D. radiodurans does not rely heavily on
these detoxifying proteins or, alternatively, that there is some functional redundancy
within the cell that can compensate for their loss. Finally, inactivation of ruvB, encoding
a Holliday junction helicase, was found to be only modestly radio-sensitizing; the effects
were only seen in deinococcal cells receiving very high doses of ionizing radiation (102).
The importance of these gene products should not be down-played in the discussion of D.
radiodurans’ repair capabilities, but the fact that these particular genes are also present in
other much less resistant organisms suggests that their presence alone is not what makes
D. radiodurans’ response to stress unique.
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IV. The D. radiodurans Genome Contains Essentially the Same Repertoire of DNA
Repair Pathways as E. coli
Unfortunately, the much anticipated release of the D. radiodurans sequence did
little to explain this organism’s distinctive repair capabilities. Annotation identified a
number of proteins that could be involved in DNA repair and stress responses in this
organism, but these proteins are also found in other less resistant prokaryotes. In fact,
when the DNA repair pathways encoded in D. radiodurans’ genome are compared to that
of E. coli, there is almost no difference between the two organisms. D. radiodurans is
actually missing pathways found in E. coli. D. radiodurans does not encode a photolyase
and lacks many of the genes involved in repairing alkylation damage. In addition, D.
radiodurans does not appear to encode homologues of RecBC, two of the three
components that comprise the RecBCD complex normally required for the processing of
broken chromosomes for use in recombination repair. The genome does; however,
appear to possess a great deal of functional redundancy as it relates to its DNA repair
repertoire. Compared to other studied species, D. radiodurans encodes the largest
number of UvrAs (2) and DNA glycosylases (10) including 4 MutY-Nth homologues
(202). This organism was also reported to encode 23 members of the Nudix family of
nucleoside triphosphate pyrophosphorylases which includes MutT, a protein known to
detoxify the nucleotide pool by rendering potentially mutagenic, oxidized forms unusable
by the polymerase. A study of these proteins, however, proved that none actually
possessed MutT-like activity or could complement a mutT defective strain of E. coli
(204).
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A. Nucleotide Excision Repair
The genome does appear to encode functional homologues of the entire
nucleotide excision repair (NER) pathway, uvrABCD. The E. coli uvrA gene will
complement a mitomycin C sensitive, uvrA defective strain of D. radiodurans (1) so it is
thought that these homologues function much like that of other species. However, unlike
E. coli, a NER defective deinococcal strain does not exhibit sensitivity to ionizing or UV
radiation. There is a functionally redundant pathway characterized by a UV damage
endonuclease that is able to remove bulky lesions including CPDs and will completely
compensate for the loss of NER in D. radiodurans’ response to these stresses (53).
B. Base Excision Repair
Base excision repair pathways are also well represented within the genome.
These abundant glycosylases function to remove oxidized forms of both pyrimidines and
purines from the chromosome in an effort to prevent mutagenesis or lethal blocks to
replication. The genome encodes two homologues of 3-methyl-guanine glycosylase that
presumably act to remove this mutagenic form of guanine from the DNA. There are also
three genes, two ung homologues and 1 mug homologue, encoding proteins that likely
function to remove uracil from DNA. D. radiodurans also encodes homologues of
proteins belonging to the GO system, a repair pathway that functions to prevent the
mutagenic effects of oxidized guanine. mutM-fpg likely encodes a protein with
formamidopyrimidine (Fapy) glycosylase activity responsible for removing oxidized
guanine and its mutagenic breakdown products like MutM of E. coli. The four MutYNth homologues within D. radiodurans’ genome, however, all appear to have different
substrate specificities, three of these differing from MutY of E. coli. MutY-Nth-1 is
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thought to function like E. coli’s MutY, removing the mismatched adenine across from
oxidized guanine. MutY-Nth-2 and MutY-Nth-3 are thought to have thymine glycol
glycosylase and Fapy glycosylase activity, respectively (143, 202). MutY-Nth-4 has
unknown substrate specificity. D. radiodurans also possesses an xthA homologue and a
recJ homologue which encode exodeoxyribonuclease III (AP endonuclease) and
deoxyribophosphodiesterase, respectively. These proteins are typically involved in the
completion of most base excision repairs; after the base has been removed from the
nucleoside by the glycosylase these enzymes effectively remove the sugar that is still
linked to the DNA chain and prepare the site for fill in by polymerase I. Activities for the
majority of these gene products were found in un-irradiated crude cell extracts of D.
radiodurans suggesting that they are constitutively expressed in this species (15, 126,
143, 171).
C. Mismatch Repair
The genome also contains homologues of genes involved in mismatch repair
(MMR). Although there are two MutS homologues and one homologue of MutL
encoded within D. radiodurans genome there is no obvious homologue of MutH, the
protein that is responsible for strand discrimination and nicking in the E. coli paradigm.
However, MutH does not appear to be a requisite part of the MMR process as many
prokaryotes lack this enzyme. There has never been a description of mismatch repair in
D. radiodurans, but it may be that the surveillance proteins encoded by mutS and mutL
are acting in much the same manner as in other species, but the way in which strand
recognition is accomplished is different from that of E. coli.
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D. Recombination Repair
Three of the four pathways associated with initiation of recombination have at
least some pathway constituents represented in the D. radiodurans genome. RecD is the
only representative of the RecBCD pathway, E. coli’s primary pathway of recombination
initiation (108). The entire RecF pathway, typically associated with plasmid
recombination, replication restart and daughter-strand gap repair in other species (38), is
represented except for RecO. The genome also contains all but one of the components of
the SbcBCD pathway. The missing sbcB gene apparently does not appear in organisms
outside of the γ Proteobacteria (55) while the sbcCD gene products, present in many
bacteria, are thought to form a functional exonuclease implicated in the removal of DNA
hairpin structures (36). D. radiodurans possesses a functional recA gene product
(homologues of which are found in almost all organisms) that is responsible for strand
pairing during homologous recombination. And finally the genome encodes homologues
of the RuvABC and RecG proteins that are involved in branch migration and resolution
of the Holliday junction formed during the process of recombination. Although D.
radiodurans’ ability to initiate recombination has been reported in the literature for many
years (41, 138) a recent study demonstrated that this species performs this process in an
unprecedented manner (100). An in vitro study of deinococcal recombination suggests
that the way in which strand pairing takes place in D. radiodurans is unique. The
deinococcal RecA functions in an inverse manner; the protein preferentially binds to
double stranded DNA even in the presence of single strand DNA. The authors postulate
that this may be an evolutionary adaptation to 1) the absence of RecBC and 2) to life in
extreme environments. It would be interesting to see if RecA functions in a similar
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manner in the hyperthermophilic archaea, M. jannaschii that is also missing RecBC
(100).
In summary, TIGR released the annotated sequence of D. radiodurans genome
and provided the scientific community with the first glimpse of the genetic inner
workings of a radiation resistant bacterium. As it turned out, the inner workings of D.
radiodurans were not that unlike those of E. coli and so questions concerning D.
radiodurans’ remarkable resistance remained unanswered. There is, of course, the
formal possibility that the recognized DNA repair and stress response proteins encoded
within D. radiodurans are, simply put, just really good at what they do. Perhaps, the
functional redundancy observed in some of these repair pathways coupled with enzymes
that are unusually robust is sufficient to confer the rapid and precise repair of D.
radiodurans damaged genome. Alternatively, this organism may possess uncharacterized
and novel repair methods for dealing with stress that are not obvious within the annotated
sequence. The fact that over 50% of the predicted ORFs within the genome are of
unknown function makes this possibility very appealing.
V. Ionizing Radiation Sensitive (IRS) Strains of D. radiodurans
Fortuitously, more than five years prior to the release of D. radiodurans genome
sequence Udupa et al. (192) began the search for potentially novel repair proteins by
amassing the largest collection of radiation sensitive strains of D. radiodurans known to
date. They performed a tedious screen of more than 40,000 colonies derived from
deinococcal cultures treated with the mutagen, N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG). Randomly mutagenized colonies that were unable to survive a 5,000 Gy dose
of ionizing radiation relative to the un-mutagenized strain were selected for study. Forty-
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nine IRS strains were originally isolated in this screen (192). Three of the forty-nine
strains could not be transformed and were, therefore, defective in either the ability to take
up transforming DNA or to carry out homologous recombination (128). These 3 strains
have not been characterized further because of the inability to genetically manipulate
them. Another six of the forty nine strains were not actually radiation sensitive; these six
were extremely slow in their recovery from ionizing radiation exposure and were,
therefore, mistaken for radio-sensitive (128). The genetic basis for this slow-to-recover
phenotype has not been determined. The remaining forty strains were placed into 16
linkage groups, designated A - P; each group presumably represents some critical gene or
operon involved in D. radiodurans response to ionizing radiation (128). Linkage groups
B and C both contain different alleles of the polA gene (128) previously shown to confer
radio-sensitivity when inactivated (77). Strains in linkage groups I, B and F were also
described in some detail in the original publication of the IRS strains (192), but the
identities of the loci defective in these strains have also yet to be determined. IRS24, the
only constituent of linkage group E, is characterized in Chapter 2 and is shown to carry a
defect in one of the many hypothetical genes within D. radiodurans genome.
VI. DNA Microarrays as a Tool for Transcriptional Profiling
DNA microarray technology has proven to be a very useful tool in the study of
global expression patterns in cells responding to various physiological and genetic
changes (17, 91, 125, 201). Thousands of gene specific ‘probes’ (i.e., oligonucleotides,
cDNA or PCR amplified gene fragments) from an organism of interest are arrayed onto a
single modified microscope slide which is then used as a platform for the competitive
hybridization of differentially labeled fluorescent ‘target’ molecules. In expression
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profiling these ‘target’ molecules are Cy5 and Cy3 labeled cDNAs derived from the RNA
of a ‘control’ and an ‘experimental’ population of cells. The relative expression level of
a particular gene within each population can then be determined by calculating the ratio
of Cy5 and Cy3 fluorescence intensities at the probe specific for that gene. For example,
if the Cy5 intensity at a probe for the recA gene is 5 and the Cy3 intensity at the same
probe is 1 the assumption is that the population of cells representing the Cy5 labeled
targets would have a 5-fold higher level of recA expression than the population of cells
representing the Cy3 labeled targets. In a single hybridization, a whole genome array can
provide this information for every gene in the genome providing a global view of a cell’s
relative transcriptional response to any given condition.
While the microarray strategy may seem rather simplistic in its approach, like any
other technology, it has limitations (42, 113). First, this technology is still relatively new
so there is still debate on how to optimize and standardize the microarray process at every
possible level-- array design, RNA labeling and data analysis (113). Second, this is not a
quantitative method since, unlike Northern blot analysis and Q-RT-PCR, precise
transcript amounts cannot be determined. Consequently, microarray analysis will
sometimes fail to identify changes in expression. For example, the induction of a gene
may be overlooked if it is already expressed at high constitutive levels; the induction will
not be detected if the probe is already saturated with control target. Alternatively, data
may be lost during normalization, a process that is required during data analysis to
account for differences in sample preparation and background noise on a slide. These
factors can adversely effect measurements of transcripts that are near the threshold cutoff for induction or repression. If an induction or repression is within the noise, it will
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not be included in the dataset. Third, increased transcription does not always reflect an
increase in protein concentration. Biological relevance is associated with an increase in
protein abundance and not necessarily transcript abundance. Fourth, not all biologically
relevant genes will undergo changes in transcription. Therefore, to fully appreciate how
an organism responds to an environment, an observed change in the expression of a gene
must be kept within the context of proteins that are constitutively expressed and
presumably present within the organism.
Microarrays, regardless of their pitfalls, are an amazing resource for the study of
biological systems. An enormous quantity of data can be obtained from one microarray
experiment; however, this is typically not sufficient to gather significant insight into the
physiological response of the cell. The power of microarray analysis comes from an
understanding of the reproducible transcriptional responses of a cell to multiple
conditions and in various genetic contexts. While exploratory, the results from these
analyses coupled with experimental data, can lead to informed hypotheses that can then
be experimentally tested to achieve meaningful conclusions. Chapters 3, 4 and 5 discuss
the strides that we have made in our understanding of how D. radiodurans regulates its
response to ionizing radiation and desiccation by using D. radiodurans-specific
microarrays. In addition, using this technology we have identified six novel genes whose
products may participate in D. radiodurans’ extraordinary ability to repair DNA dsbs.
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CHAPTER TWO – GENETIC CHARACTERIZATION OF IRS24, AN IONIZING
RADIATION SENSITIVE STRAIN OF DEINOCOCCUS RADIODURANS
I. Introduction
IRS24 is one of 49 ionizing radiation sensitive strains isolated from MNNG
mutagenized cultures of the Deinococcus radiodurans uvrA1 R1 isogenote, designated
302 (192). Initial characterization of IRS24 revealed that this strain has less than 3%
survival at a 5,200 Gy dose of ionizing radiation, whereas strain 302 exhibits nearly
100% survival at this dose. IRS24 carries a defect in a locus called irrE that presumably
encodes a protein critical to this species’ ionizing radiation resistance (128). This chapter
describes further characterization of IRS24, establishing that this strain is not only
sensitive to ionizing radiation but to ultraviolet (UV) light and the DNA cross-linking
agent mitomycin C. These phenotypes are solely due to the defect in irrE and are not a
consequence of uvrA1 inactivation. The location of irrE has been identified; a wild type
sequence corresponding to an open reading frame, designated DR0167, will restore DNA
damage resistance to IRS24. DR0167 (IrrE) has no strong similarity to any protein in the
current databases and is annotated as a hypothetical protein. The role of IrrE in DNA
damage resistance was confirmed by genetically inactivating DR0167 in R1, the wild
type strain. In vitro transposition was used to disrupt the irrE coding sequence, creating
LSU2030. LSU2030 has a more pronounced sensitivity to all exogenous stresses
examined and is incapable of effecting DNA double strand break repair following
ionizing radiation as seen by pulsed field gel electrophoresis.
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II. Results
A. IRS24 Is Sensitive to the Lethal Effects of Ionizing Radiation and Ultraviolet
Light
Exponential phase cultures (106-107CFU/ml) of IRS24 were grown with aeration
and irradiated in 1 ml aliquots to final doses of 1000, 2500, 5000, 7500 and 10,000 Gy of
ionizing radiation. Each irradiated aliquot was then serially diluted in 10mM MgSO4 and
plated in triplicate on TGY agar plates. Plates were allowed to incubate at 30oC for
approximately three days before scoring for survivors. Surviving fractions were
determined by dividing the number of survivors from each dose by the titer of the
unirradiated culture. These fractions are expressed as surviving fraction in Figure 2.1a.
In this figure IRS24 is compared with its parent, 302 and the R1 type strain. Strains 302
and R1 demonstrate the characteristic survival curve for exponential phase D.
radiodurans cultures; neither strain showing any loss of viability at doses below 5,000
Gy. At each increasing dose above 5,000 Gy these strains begin to exhibit a linear loss of
viability with approximately 10% survival at 10,000 Gy. In contrast, IRS24 exhibits
significantly lower levels of survival over the entire dose range tested. There is no
shoulder of resistance at the doses tested and only 1% survival at the typically sublethal
5,000 Gy dose.
Survival curves for UV irradiated cells were determined in the same manner as
those for ionizing radiation: one milliliter aliquots were irradiated and then serially
diluted and plated onto TGY agar. The surviving fractions were determined after three
days of incubation at 30oC. The survival curves generated following exposure to UV
light for 302, R1, and IRS24 are plotted in Figure 2.1b. Strains 302 and R1 display the
wild type shoulder of resistance to UV that extends to 500 Jm-2 followed by a linear loss
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of viability. IRS24 proved to be much more sensitive than its parent with only a small
shoulder of resistance at 100 Jm-2. Doses above 100 Jm-2 begin to overwhelm the
culture’s ability to recover and there is a precipitous loss of survival with approximately
5% survival at a typically sub-lethal dose of 500 Jm-2.
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Figure 2.1a&b. Representative survival curves for D. radiodurans strains IRS24 irrE1
uvrA1 (triangles), R1 (inverted triangles) and 302 uvrA1 (circles) following exposure to
A.) γ radiation and B.) UV light. Values are the mean ± standard deviation of triplicate
experiments. n = 9.
B. Genetic Inactivation of irrE Is Sufficient to Sensitize Strain 302 to the Lethal
Effects of Ionizing Radiation and UV Light
A pWE15 cosmid library, derived from R1 genomic DNA, was screened for
clones that could restore ionizing radiation resistance to IRS24. The cosmid library was
plated on LB plates containing 50 µg/ml of the antibiotic ampicillin. Thirty LB flasks
were each inoculated with ten randomly selected colonies picked from these plates and
after overnight incubation cosmids were isolated en masse from each flask. (Eight
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hundred and fifty microliter aliquots from each flask were mixed with DMSO [15% final
concentration] and stored at -80oC for future use.) Each cosmid has an average insert size
of 40 kb; therefore 300 clones can provide enough sequence to cover the entire 3.2 Mbp
chromosome approximately four times. Aliquots of these purified, pooled cosmids were
dotted in an identifiable pattern onto a TGY agar plate freshly spread with approximately
105 colony-forming units (cfu) of an exponentially growing IRS24 culture. These plates
were allowed to incubate at 30oC overnight and the lawn that formed was replica plated
onto fresh TGY plates. These transferred cells were then given a 7,500 Gy dose of
ionizing radiation and allowed to recover for three days at 30oC before determining
whether any of the transformations were successful. D. radiodurans cultures are
naturally competent throughout exponential phase growth; DNA is taken up and
homologous sequences are recombined into the genome. If a cosmid pool contains wild
type sequence capable of replacing the defective irrE allele in IRS24 there will be a patch
of cells growing on the replica plate in the area that the cosmid pool was dotted on the
original plate (Figure 2.2). IRS24 cells not receiving wild type DNA capable of restoring
irrE remain sensitive to the given dose of irradiation and fail to grow. Frozen permanents
representing pools containing the restoring clone were streaked out and individual
colonies were picked and the cosmids purified were assessed for their ability to restore
IRS24 to ionizing radiation resistance as described. This relatively straightforward
method was successful in identifying five clones capable of restoring IRS24; these were
designated pMM1-pMM5.
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It is important to remember, as previously discussed, that all of the IRS mutants
were made in an uvrA1 background which inactivates the nucleotide excision repair
(NER) pathway responsible for recognizing and repairing lesions or perturbations within

Dot transformation

Figure 2.2. Dot transformation. Transforming DNA was dotted in 5-10 µl aliquots
directly onto the surface of a plate spread with the strain of interest and allowed to dry.
Plates were incubated at 30oC for 18-24 hours and replica plated onto TGY agar.
Selective pressure was applied to the replica to identify successful transformants.
the DNA helix. The loss of this gene in D. radiodurans does not, however, confer
sensitivity to either ionizing or UV radiation as seen in 302’s survival in Figures 2.1a and
2.1b. Since each IRS strain is a double mutant, there is the formal possibility that the
damage sensitive phenotype is due to the loss of both alleles and not solely to the
MNNG-induced mutation. To determine whether the observed phenotypes seen in IRS24
were due to the combined loss of uvrA1 and irrE or to irrE alone approximately 200 bp
from the ends of each restoring cosmid were sequenced with primers specific for the T3
and T7 promoters positioned on either side of the genomic DNA insert. The sequences
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obtained were used to search the D. radiodurans R1 genome sequence
(http://www.tigr.org/tigr-scripts/CMR2/GenomeTabs.spl?database=gdr#4) made
available through TIGR to determine which segment(s) of the chromosome was
responsible for IRS24’s restoration to radio-resistance. All of the sequences were found
within the same region of the chromosome and did not contain the uvrA1 coding
sequence, indicating that the replacement of the unidentified irrE allele was sufficient to
restore IRS24 to ionizing radiation resistance. The chromosomal position of the ends of
each cosmid is given in Appendix A.
The assay used to identify those cosmids capable of restoring IRS24 to radiation
resistance was repeated with pMM1 and the resulting patch of restored IRS24 cells were
recovered and given the strain designation AE1012. This strain is uvrA1, irrE+. UV and
ionizing radiation survival curves were constructed as previously described and are
depicted in Figures 2.6a and 2.6b. Recombination of the irrE wild type allele into
IRS24’s chromosome, replacing the mutation, completely abrogates the mutant’s
sensitivity to both UV and ionizing radiation. We conclude that the loss of irrE was
solely responsible for the increased UV and ionizing radiation sensitivity of IRS24.
C. Genetic Inactivation of irrE Is Sufficient to Sensitize D. radiodurans to the Lethal
Effects of Mitomycin C
IRS24 (irrE1, uvrA1) is also sensitive to the cross-linking agent mitomycin C
possibly because all uvrA1 strains are sensitive to 60 ng/ml mitomycin C. Typically,
restoration of mitomycin C resistance is achieved by transforming sensitive strains with
the plasmid pUvrA, which carries a wild type copy of D. radiodurans’ uvrA. However,
all attempts to transform IRS24 to mitomycin C resistance using this method were
unsuccessful. Exponential phase cultures were treated with 30 mM CaCl2 for 80 minutes
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before the addition of one microgram of pUvrA. Cultures were held on ice for 30
minutes before diluting each culture ten-fold with TGY broth. Transformed cultures
were incubated at 30oC for 18 hours with aeration before plating on TGY agar plates
containing 60 ng/ml mitomycin C. Titers were determined for all cultures before
transformation and after overnight incubation. All plates were incubated for three days at
30oC before determining colony counts. The results of this analysis are shown in Table
2.1. R1 cultures are totally resistant to this concentration of mitomycin C thus
transformation frequencies could not be determined. AE1012 (irrE+, uvrA1) was
transformed to mitomycin C resistance; three in every 1000 cells exhibited resistance to
the antibiotic after introduction of pUvrA. IRS24 (irrE1, uvrA1), on the other hand,
could not be transformed to mitomycin C resistance under the same conditions
confirming the results of the dot transformation.
To rule out the possibility that the inability to transform IRS24 to mitomycin C
resistance was a consequence of the strain’s failure to take up or recombine homologous
sequences into the chromosome, an attempt was made to transform IRS24 to
streptomycin resistance. Genomic DNA from a streptomycin resistant strain of D.
radiodurans, LS18 (192), was obtained and ten micrograms of purified DNA were used
to transform each strain as described in the preceding paragraph. Cultures were plated on
TGY agar plates containing 50 µg/ml streptomycin. The results of this analysis are
shown in Table 2.1. IRS24 (irrE1, uvrA1) and AE1012 (irrE+, uvrA1) exhibit identical
transformation efficiencies to streptomycin resistance. R1, for yet unknown reasons,
consistently showed a two fold lower transformation efficiency to streptomycin resistance
relative to the other strains. A defect in the irrE locus clearly does not affect those
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processes necessary for uptake or recombination of homologous sequences required
during natural transformation. This defect does, however, prevent restoration of
mitomycin C resistance, suggesting that the irrE gene product is necessary for that
resistance.

Table 2.1. Transformation efficiency of irrE strainsa.

R1

StrR

MtcR

20 ± 1.9 b

-----c

LSU2030

IRS24

AE1012

51 ± 11

61 ± 20

43 ± 5.0

NDd

ND

3 ± 0.2

a

See Appendix A for description of strains used in this analysis.
Values were calculated by dividing the number of drug resistant transformants by the
titer of the transformed culture and multiplying the quotient by 10-3. Numbers are the
mean of nine measurements (3 experiments, 3 replicates per experiment) ± standard
deviation.
c
R1 is resistant to 60 ng per ml mitomycin C. A transformation frequency cannot be
determined.
d
Transformants were not detected.
b

D. The irrE Mutation Maps to an Open Reading Frame Designated DR0167
Alignment of the sequences obtained from the five cosmids revealed that they all
possess a common 18 kb XhoI-PstI fragment at positions 161626 and 179773,
respectively, on chromosome I of the D. radiodurans R1 genome. This region
encompasses only 20 predicted open reading frames, DR0160-DR0179, greatly
narrowing the search for the irrE allele. The sequence from one cosmid containing this
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overlap, pMM1, was analyzed using Webcutter 2.0
(http://www.firstmarket.com/cutter/cut2.html) which provided a restriction map of the 40
kb insert. Restriction enzymes capable of releasing fragments within the XhoI-PstI
fragment were used to digest pMM1. The restricted cosmids were separated on a 1%
agarose gel to allow excision of the desired bands. Distinct bands were removed from the
gel and purified. The concentration of purified fragments was determined
spectrophotometrically at 260 nm. Utilizing the same dot transformation protocol
described previously, at least one microgram of each linear DNA fragment was used as
transforming DNA to further narrow down the region of the chromosome capable of
restoring radiation resistance to IRS24. A diagram of this process is shown in Figure
2.3a. This analysis enabled us to rapidly localize the site of the irrE allele to a 960 bp
region of the chromosome which includes 791 bp of the 5’ portion of a hypothetical gene
designated DR0167 and 170bp of sequence upstream of this gene. Figure 2.3b
diagrammatically illustrates how the gene was localized. Primers specific for this region,
IRS241up and IRS241dwn (sequences found in Appendix A), were designed to amplify a
1065 bp fragment containing the gene of interest. The PCR products generated were
successfully used in the dot transformation procedure to restore IRS24 to wild type
radioresistance indicating that the irrE defect lies within the DR0167 coding sequence or
in the promoter region upstream of this gene.
E. IRS24 Carries a Missense Mutation in Locus DR0167
In order to pinpoint the precise location of the MNNG-induced mutation in irrE,
genomic DNA from both IRS24 and 302 was isolated and sequenced. Stationary phase
cultures were pelleted and genomic DNA was isolated using a procedure outlined in
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Figure 2.3a&b. a.) Diagrammatic representation of the method used to isolate the irrE1 mutation. b.) Diagrammatic representation of
restriction fragments (solid lines) capable of transforming IRS24 to ionizing radiation resistance. Dashed lines define fragments that
could not transform IRS24 to radioresistance.
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Appendix A. PCR products generated using IRS241up and IRS241dwn primer set were
sequenced from each strain and compared for sequence differences. The amount of
sequence information obtained from the approximately 1 kb PCR product was not
sufficient to initially verify any variation among the two strains. It was necessary to
design an internal set of primers to obtain more reproducible sequence information from
this region. Primers IRS242up and IRS242dwn (sequences found in Appendix A) were
used to amplify an 840 bp fragment from both. PCR products from four independent
amplification reactions were sequenced in both directions and examined for differences.
The sequences obtained from 302 were entirely consistent with the R1 sequence reported
by TIGR. IRS24, on the other hand, had a one base pair change within the coding
sequence of DR0167. There is a GC Æ AT transition mutation in codon 111 of DR0167.
This mutation is completely consistent with the type of change expected after MNNG
mutagenesis (37). The inability of IRS24 to survive both UV and ionizing radiation is
apparently due to the arginine to cysteine amino acid substitution in DR0167. This allele
of DR0167 was called irrE1.
F. IrrE Is a Hypothetical Protein with Little Similarity to Any Other Protein in
Current Databases
BLASTp analysis of the amino acid composition of IrrE provides little
information as to the identity of this protein. IrrE’s closest match is to another
hypothetical protein in the plant pathogen, Xylella fastidiosa, but has a questionable
expect value (E-value) of only 1 x 10-4. IrrE also exhibited some homology to a helix
turn helix (HTH) motif contained in a portion of a hypothetical gene in Mycobacterium
tuberculosis. However, attempts to unequivocally identify a HTH domain in the IrrE
coding sequence were not successful. The peptide sequence was also queried using the

31

NCBI PSI-BLAST search (http://www.ncbi.nlm.nih.gov/blast/) and the NCBI-CD-Search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) by a collaborator at the Lawrence
Berkeley National Laboratory, Dr. I. Saira Mian. PSI-BLAST analysis is used to build
“position-dependent weight” matrices from the alignments of BLAST hits, the E-values
of which are above a determined limit, for a particular query sequence (i.e., IrrE). The
information derived from this matrix is then subjected to iterative database searches for
the best match (3, 4). With these tools, Dr. Mian found that the best scoring hit was to a
domain of 1SMP, a zinc-dependent metalloprotease of known structure first described in
Serratia marcescens (16). The PSI-BLAST analysis showed that the most conserved
region in IrrE does include the expected zinc-binding motif (HEXXH) of the
metalloprotease, but with an Expect value of only 0.6, the likelihood that IrrE is actually
a zinc-binding protease is small. Only biochemical analysis of this protein will provide
the necessary evidence to determine whether this prediction is accurate.
G. A Defect in IrrE Does Not Affect Deinococcus radiodurans’ Ability to Grow in a
Minimal Medium Lacking Folate
Investigation of the surrounding sequence showed that irrE is the first orf in what
appears to be a four gene operon (Figure 2.4). The last three genes appear to encode
proteins involved in the folate biosynthetic pathway. Since D. radiodurans is capable of
synthesizing this critical cofactor and these genes are the only obvious folP, folB and folK
gene homologues found within D. radiodurans’ genome, we assume that their products
function in a manner analogous to that of other prokaryotes. The last nucleotide of irrE
overlaps the first nucleotide of the start codon for folP, followed by a 24 nucleotide
intergenic region between folP and folB. The folB and folK genes also overlap by one
nucleotide. It is not unusual for genes involved in common pathways to be organized in
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an operon, therefore the possibility that IrrE may participate in the biosynthesis of folate
in D. radiodurans was investigated. Folate is a necessary precursor for the synthesis of
certain nucleotides, so it was not difficult to imagine that a cell defective in the synthesis
of this precursor may exhibit an increased sensitivity to ionizing radiation based solely on
the need for an acute increase in the amount of DNA synthesis required to overcome the
radiation induced damage (139). Using a defined medium developed in the laboratory
(see Appendix A) it was possible to test IRS24’s ability to make folate; if the strain is
unable to make folate it should not grow in a medium lacking folate. One hundred
microliter aliquots of IRS24 and 302 (5 x 107-1 x 108 CFU/ml) cells grown in the TGY
medium were inoculated into 40 ml of defined medium and observed for the ability to
grow. Both strains were capable of growth. In order to ensure that the observed growth
was not due to carry over of nutrients from the original inoculum the cultures were subcultured into a fresh 40 ml flask of the defined medium. Both strains grew with roughly
equal doubling times (approximately 22 hours) invalidating the hypothesis that IrrE plays
a role in folate biosynthesis in D. radiodurans.

acyl CoA
binding protein IrrE
acyl peptide
hydrolase

hypothetical
protein

fol B
fol P

hypothetical
protein
fol K

Figure 2.4. Regional view of D. radiodurans R1 chromosome I depicting location of
DR0167.
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H. IRS24 Retains Some IrrE Activity
The amino acid change defined by the irrE1 allele could have a number of effects
on IrrE’s function including 1) altered or lost binding with DNA or other proteins, 2) a
change in would-be sites of functional modification, or 3) improper folding that could
result in degradation and complete loss of the protein from the cell. In an effort to
evaluate how important the change in amino acid 111 was to IrrE’s function, we
compared the phenotypes exhibited by IRS24 and a strain unable to make IrrE. To
achieve this objective, the irrE gene was disrupted in wild type D. radiodurans R1 by
insertional mutagenesis with the Deinococcus specific transposon, TnDrCat (52).
The irrE coding sequence was first cloned into the GATEWAYTM vector
pDONRTM201 (Life Technologies, Rockville, MD) using primers DR0167up and
DR0167dwn (sequences in Appendix A). In order to successfully clone a gene into the
GATEWAY system the PCR product cloned must possess specialized 5’ and 3’ ends that
are homologous to the cloning site on the vector and can be recognized by the lambda
integrase protein (Int) and the E. coli integration host factor (IHF). These proteins carry
out the transposition like event that inserts the sequence of interest into the vector by
recognizing and recombining the homologous sequences. This cloning does not require
the use of restriction enzymes or a ligation step and has the advantage of being
completely directional. The other feature of the GATEWAY system that makes it
desirable for cloning is that once a gene has been cloned into a starting vector such as
pDONRTM201 it is relatively simple to move that gene into a number of other vectors
useful in expression and/or purification of the protein. The resulting irrE-containing
plasmid was verified by sequence analysis and named pDR0167.
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pDR0167 was then subjected to an in vitro transposition procedure using,
pGTC101, a transposon engineered in our laboratory specifically for use in D.
radiodurans (53). This pGPS (New England Biolabs, Beverly, MA) derivative is
combined with pDR0167 at a 4:1 molar ratio (pDR0167:pGTC101) in a reaction
containing the commercially available TnsABC* transposase (New England Biolabs,
Beverly, MA). Following transposition, plasmids carrying inserts were selected by
transforming the transposition reaction mixture into the E. coli strain DH5α-MCR and
plating cells onto LB plates containing 25 µg/ml chloramphenicol. Since the transposon
located within pGTC101 inserts randomly into individual pDR0167 molecules, it was
necessary to isolate plasmids from chloramphenicol resistant (CatR) colonies, and verify
that transposition disrupted the IrrE coding sequence. The general location of the
insertion could be determined by separating the digestions on a 1% agarose gel and
determining which of the two fragments, the three kilobase pair GATEWAY vector or
the one kilobase pair DR0167 coding sequence, shifted due to the addition of the four
kilobase pair transposon. Approximately 70 CatR colonies were analyzed in this manner
and three of these exhibited a banding pattern consistent with the transposon’s insertion
into the coding sequence of IrrE. Primer N and Primer S (New England Biolabs,
Beverly, MA) are specific for the ends of the transposon and prime so that extension
occurs outward into the surrounding sequence. Using these primers, the precise location
of each insert was determined by sequencing. Only pDR0167::TnDrCat#54 had an
insertion in the coding sequence of DR0167. The transposon was located in between
nucleotides 459 and 460 of the 984 nucleotide long IrrE coding sequence almost perfectly
bisecting the gene. The location of the transposon in the other two plasmids,
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pDR0167::TnDrCat#57 and pDR0167::TnDrCat#60, was outside of the coding
sequence.
One microgram of purified pDR0167::TnDrCat#54 was linearized using ApaI, a
restriction enzyme that cuts the vector backbone once, prior to transformation into R1.
Once the plasmid was linearized, it was added to one milliliter of a CaCl2 treated
exponential phase culture of R1. Immediately after introduction of the plasmids, the
culture was held on ice for 30 minutes and then incubated at 30oC for eight hours with
aeration. The entire milliliter of transformed culture was plated onto TGY agar plates
containing five microgram per milliliter chloramphenicol and incubated at 30oC for 3
days or until colonies were detectable.
D. radiodurans possesses multiple copies of its genome making it necessary to
distinguish between cells that are homozygous and heterozygous for the insertion.
Therefore, individual colonies were inoculated into tubes containing two milliliters of
TGY broth containing five microgram per milliliter chloramphenicol and grown to
stationary phase before being sub-cultured into TGY tubes containing ten microgram per
milliliter chloramphenicol. Once the tubes containing the higher concentration of
antibiotic grew to stationary phase they were diluted out and plated onto TGY agar plates
containing ten microgram per milliliter chloramphenicol. The genomic DNA from
individual colonies picked from these plates (the protocol for genomic DNA isolation
from individual colonies is found in Appendix A) was analyzed by PCR to determine 1)
whether the transposed allele was recombined into DR0167 and 2) whether the cell
population was homozygous for the disrupted DR0167 allele. Primers DR0167up,
DR0167dwn and either Primer N or Primer S were combined in a PCR reaction with each
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colony’s genomic DNA. Using these primers, one of three outcomes was possible: a)
only full length DR0167 (1045bp) product is detected indicating that there is no insertion
in this region of the chromosome, b) only a shortened product is detected, created via
amplification with one of the gene specific primers and the outward facing transposonspecific primer (Primer N or S) indicating that all chromosomal copies among the
population of cells are knocked out, or c) both wild type and shortened products are
observed indicating that the population is heterozygous for the DR0167 insertion. Figure
2.5 illustrates the results of this analysis for one of these colonies; only a shorter (650bp)
fragment was obtained following amplification consistent with the expected
recombination of the transposed plasmid into irrE. The shortened product was sequenced
and was identical to the 3’ end of irrE. The strain containing the disruption was
designated LSU2030 (irrE2::TnDrCat).
LSU2030 cells from a frozen stock were inoculated into a two milliliter TGY tube
containing five microgram per milliliter chloramphenicol and incubated at 30oC with
aeration until stationary phase was achieved (~1 x 108 CFU/ml). Ten microliters of this
culture were added to a 50 ml TGY flask containing no antibiotic and incubated at 30oC
for approximately 14 hours or until the culture reached early exponential phase. Survival
following ionizing radiation was determined as previously described. Initial titers were
determined on TGY agar plates that did or did not contain five microgram per milliliter
chloramphenicol in order to ascertain whether the irrE2::TnDrCat construct was stable
when grown without selection. Colony counts were the same regardless of which plates
were used confirming the stability of the insertion in irrE. The survival for LSU2030 is
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Figure 2.5. Ethidium bromide-stained agarose gel illustrating that LSU2030 carries a
homozygous insertion of irrE2::TnDrCat. Chloramphenicol-resistant colonies were
isolated, and their genomic DNA was screened using appropriate primers and PCR to
establish whether intact irrE remained in LSU2030. Lane 1, 1-kbp ladder (Invitrogen,
Gaithersburg, Md.). Sizes are shown in base pairs. Lane 2, attempt to amplify irrE from
LSU2030 genomic DNA with primers DR0167up and DR0167dwn. Lane 3,
amplification of a 650-bp product when primers DR0167up, DR0167dwn, and S are
combined with LSU2030 genomic DNA. Lane 4, amplification of a 1,045-bp product
when primers DR0167up, DR0167dwn, and S are combined with R1 genomic DNA.
shown in Figure 2.6a. The survivals for R1 and IRS24 are also included for comparison.
The IrrE disrupted strain is extremely sensitive to ionizing radiation exhibiting a 1000fold increased sensitivity to the 1000 Gy dose relative to R1. At 5000 Gy, LSU2030 is
five orders of magnitude more sensitive than R1. LSU2030 is significantly more
sensitive (at least two orders of magnitude) at all doses tested relative to the missense
mutant suggesting that the IrrE protein produced in IRS24 retains some activity.
The irrE defect in LSU2030 dramatically sensitizes this strain to UV radiation as
well. The survival curve depicted in Figure 2.6b was constructed following LSU2030’s
exposure to UV light as previously described. As with IRS24, LSU2030 retains a slight
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resistance to 100 Jm-2 UV light followed by a dramatic increase in sensitivity at each
increasing dose. However, LSU2030 is between one and three orders of magnitude more
sensitive to UV than IRS24 at each increasing dose again suggesting that IRS24 retains
some activity and that IrrE is critical to D. radiodurans’ ability to survive UV radiation.

Ionizing Radiation Survival

UV Radiation Survival

a.

b.
10

100

10-1

10-1

Surviving Fraction

Surviving Fraction

0

10-2
-3

10

-4

10

LSU2030
IRS24
AE1012
R1

10-5
10-6

10-2
10-3
10-4

LSU2030
IRS24
AE1012
R1

-5

10

10-6

10-7

0

2

4

6

8

0

10

200

400

600

800

1000

1200

1400

1600

Dose (J/m2)

Dose (KGy)

Figure 2.6a&b. Representative survival curves for D. radiodurans strains AE1012
uvrA1(open triangles) and LSU2030 irrE2::TnDrCat (closed triangles) following
exposure to a.) γ radiation and b.) UV light. Survival of strains R1 (open squares) and
IRS24 irrE1 uvrA1 (circles) are also shown. Values are the mean ± standard deviation of
triplicate experiments. n = 9.
To rule out the possibility that LSU2030’s extreme phenotypes were due to polar
effects on the downstream folate biosynthetic homologues, we tested this strain’s ability
to grow in the folate deficient medium as previously described. LSU2030 grew at rates
comparable to IRS24, 302 and R1 without addition of folate to the defined medium
indicating that folate biosynthesis was not affected by the transposon insertion into
DR0167. This result suggests a number of possibilities: a) the transposon is not exerting
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a polar effect on the downstream genes, b) irrE is not part of this operon; the promoter
site for DR0168 is within the IrrE coding sequence and is not affected by the transposon,
or c) the transposon is, in fact, disrupting synthesis of the downstream proteins, but there
is functional redundancy in the cell for folate biosynthesis. Unfortunately, determining
consensus promoter sequences has proven difficult in D. radiodurans. Only three
putative sigma factors have been identified in the D. radiodurans genome sequencing
project: one grouping with vegetative sigma-70 sequences and two that grouped with
extracytoplasmic alternative transcription factors. A study of deinococcal promoters
(129) revealed that for strongly expressed operons such as groESL and rpoBC the
promoters do resemble sigma70-like promoter sequences found in E. coli, but promoter
regions from other genes were rather divergent. There are also no obvious candidates
among the identified genes to replace the folate biosynthetic homologues in the ‘operon’,
although the large number of hypothetical genes within the genome prevents this
possibility from being excluded. Pending further investigation, it is presumed that IrrE is
not involved in folate biosynthesis.
I. LSU2030 Is Sensitive to Mitomycin C
In an otherwise wild type background the transposon insertion in irrE confers
mitomycin C sensitivity. In parallel with experiments described earlier, as many as 108
exponential phase LSU2030 cells were plated onto TGY plates containing 60 ng/ml
mitomycin C and allowed to incubate at 30oC for three days. Compared to R1 and
AE1012 transformed with pUvrA (Table 2.1), LSU2030 is unable to grow on this
concentration of the antibiotic reiterating the earlier assertion that D. radiodurans
requires the wild type irrE allele to survive exposure to this cross-linking agent.
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J. LSU2030 Is Recombination Proficient
The transformation efficiency to streptomycin resistance was also determined for
LSU2030. Results are presented in Table 2.1. After the introduction of genomic DNA
isolated from the D. radiodurans streptomycin resistant strain, LS18 (192), LSU2030
cultures were transformed to streptomycin resistance at a frequency comparable to that of
IRS24 and AE1012. Approximately 50 of every 1000 transformed LSU2030 cells were
able to demonstrate resistance to 50 µg/ml streptomycin. Evidently, irrE strains retain
the ability of D. radiodurans to take up and recombine homologous sequences.
K. LSU2030 Is Unable to Repair DNA Double Strand Breaks Following Exposure
to Ionizing Radiation
The most striking feature of D. radiodurans’ survival mechanism following
ionizing radiation is its extraordinary ability to repair DNA double strand breaks (dsbs).
These breaches in genetic continuity are the most deleterious lesions that a cell suffers
following exposure to ionizing radiation, and when un-repaired result in cell death. Most
cells can only contend with a limited number of dsbs (less than five) and as the number of
dsbs increases it overwhelms the cell’s capacity to make the appropriate repairs. In
contrast, D. radiodurans accurately repairs its genome after the introduction of as many
as 200 dsbs per genome copy. The presence and subsequent repair of these dsbs can be
visualized and monitored using pulsed-field gel electrophoresis (PFGE). Cells are
embedded in agarose before they are opened resulting in minimal shearing of the
chromosomal DNA prior to electrophoresis. Figure 2.7 shows an image of one of these
gels demonstrating the level of damage introduced into the genome of D. radiodurans R1
after exposure to ionizing radiation. Immediately following exposure to a 3,000 Gy, sublethal dose of ionizing radiation the higher molecular weight bands present in the un-
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irradiated sample are completely absent and only a smear of lower molecular weight
material is observed. By the one hour time point post irradiation the higher molecular
weight bands that were damaged and degraded immediately following irradiation begin
to reappear. After only 30 additional minutes the genome is fully reconstituted and the
cells have begun to divide. Anything that prohibits this repair process from taking place
would be expected to greatly sensitize D. radiodurans to ionizing radiation.

Minutes post-irradiation
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Figure 2.7. The recovery of Deinococcus radiodurans R1 as a function of time following
exposure to a 3000 Gy dose of ionizing radiation. Lane one contains a lambda size
standard; lane two contains chromosomal DNA prepared from an untreated culture; lane
three contains chromosomal DNA prepared from a culture immediately after irradiation;
lanes four to nine contain chromosomal DNA prepared from cultures 30, 60, 90, 120, 150
and 180 minutes post irradiation, respectively. Genomic DNA was treated with the
restriction enzyme NotI “in block” prior to electrophoresis.
LSU2030, as shown in Figure 2.6a, exhibits a profound sensitivity to ionizing
radiation and so it was considered appropriate to explore the possibility that this irrE
mutant was defective in dsb repair. A 500 ml exponential phase culture of LSU2030 was
irradiated to the final dose of 3,000 Gy ionizing radiation. The irradiated culture was
then returned to the 30oC incubator and allowed to recover with aeration. Ten milliliter
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aliquots of the recovering culture were concentrated at 0, 0.5, 1 and 3 hours post
irradiation. A ten milliliter aliquot was also removed and concentrated prior to irradiation
to serve as the un-irradiated control. The cells in these pellets were stripped of their outer
membranes with butanol saturated EDTA and then embedded in 0.8% low melting point
agarose. The resulting plugs were treated over several days with agents that remove the
remaining cell membrane components and degrade cytosolic proteins and other cellular
constituents (all PFGE details are found in Appendix A). The remaining cell-free
chromosomal DNA embedded in the plugs was incubated in a solution containing the
restriction enzyme NotI which recognizes unique 8 bp sites. There are only a limited
number of these sites in the D. radiodurans genome so digestion with NotI results in a
distinctive banding pattern of larger and smaller chromosomal fragments that can be
easily monitored for breaks. The NotI restricted plugs were then washed, equilibrated,
trimmed to the appropriate size and loaded into a 1% agarose gel. The gel was placed
into a Clamped Homogeneous Electric Fields (CHEF) – DR II apparatus (Bio-Rad,
Hercules, CA) and run at 60 volts per centimeter2 at 12oC with a 10 to 60 second ramp
for 22 hours. The gel was stained in ethidium bromide before viewing.
The defect in the ionizing radiation sensitive LSU2030 does appear to prevent the
reassembly of the genome following exposure to ionizing radiation (Figure 2.8). The
chromosome of the zero hour time point post irradiation exhibited the expected pattern of
degradation relative to the un-irradiated sample; there was a complete loss of higher
molecular weight bands and a smear of lower molecular weight material indicating
breakage. However, unlike the wild type, there is no evidence of genomic reassembly in
LSU2030 at subsequent time points. A functional IrrE protein clearly plays a crucial role
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in D. radiodurans’ ability to repair damage introduced by ionizing radiation as seen by
the failure of LSU2030 to reconstitute its fractured genome.
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Figure 2.8. The recovery of LSU2030 as a function of time following exposure to a 3000
Gy dose of ionizing radiation. Lanes one and seven contain a lambda size standard; lane
two contains chromosomal DNA prepared from an untreated LSU2030 culture; lane three
contains chromosomal DNA prepared from a culture immediately after irradiation; lanes
four to six contain chromosomal DNA prepared from cultures 30, 60, and 180 minutes
postirradiation, respectively. Genomic DNA was treated with the restriction enzyme
NotI “in block” prior to electrophoresis.
III. Discussion
In an effort to understand the resistance mechanisms of D. radiodurans, Udupa et
al. (192) screened MNNG mutagenized cultures of D. radiodurans 302 for strains that
were sensitive to ionizing radiation. IRS24 is a double mutant; it lacks the wild type
uvrA1, and is defective in another undefined locus that was designated irrE. Unlike 302,
IRS24 is sensitive to UV and ionizing radiation. A pWE15 cosmid library containing
approximately 40 kb inserts of wild-type genomic DNA was used in an attempt to isolate
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the site of the irrE mutation. Taking advantage of D. radiodurans’ natural competence,
five cosmids were isolated that could restore radiation resistance to IRS24 upon
transformation. The ends of these cosmids were sequenced and used to localize the irrEcontaining region of the genome. None of the five cosmids contained the uvrA1 allele
suggesting that restoration of functional uvrA1 was not sufficient to restore
radioresistance to IRS24. The ionizing radiation resistant strain AE1012 was created by
transforming IRS24 with pMM1.
The alignment and resultant overlap of the cosmids, pMM1-5, localized the site of
the irrE allele to an 18 kb region on Chromosome I of the D. radiodurans genome.
Restriction enzymes were judiciously selected for digestion of pMM1, releasing unique
fragments from the overlapping region that could be isolated and purified after separation
on a 1% agarose gel. These fragments were tested for their ability to transform IRS24 to
ionizing radiation resistance using dot transformation. This analysis successfully
localized the site of the mutation in IRS24 to a relatively small one kilobase pair region
of the chromosome containing part of an orf designated DR0167. Subsequent sequence
analysis of IRS24 verified that this locus possessed a mutation in codon 111 resulting in
an arginine to cysteine amino acid substitution. DR0167 is annotated by TIGR as a
hypothetical protein and all attempts to assign function to this protein using available
databases were unsuccessful. DR0167 was given the name irrE to signify its importance
in ionizing radiation resistance. Efforts to use the position of the gene in the context of
the surrounding sequence as a means to glean functional information about IrrE were also
unproductive. Even though irrE appears to be the first gene in a four gene operon
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containing three homologues of folate biosynthetic proteins, the mutation in irrE does not
affect IRS24’s ability to grow in a medium lacking folate.
Using transposon mutagenesis, IrrE was inactivated in the wild type strain
creating LSU2030. LSU2030 exhibited a more pronounced sensitivity to UV and
ionizing radiation suggesting that IRS24 may possess partial IrrE function. The
disruption does not affect LSU2030’s ability to grow in a medium lacking folate
reiterating the earlier assumption that IrrE was not needed for folate biosynthesis in D.
radiodurans. The knockout strain also proved that IrrE is a necessary component of the
resistance mechanism to the cross-linking agent mitomycin C. LSU2030 cannot grow on
TGY plates containing this compound. The transposon mutant is, however, capable of
natural transformation, exhibiting transformation frequencies comparable to R1 and
IRS24. This, in effect, excludes IrrE as a necessary component in homologous
recombination. However, cells lacking IrrE are unable to repair dsbs generated by
ionizing radiation and it may be predicted that this lack of repair is what is responsible for
the extreme sensitivity exhibited by LSU2030.
With regard to IrrE function, three possibilities seem likely: a) IrrE is a novel
DNA repair protein that recognizes a broad range of DNA damage, b) IrrE is an
accessory protein, like DNA ligase, necessary to complete multiple repair processes that
does not specifically interact with DNA damage, or c) IrrE is a regulatory protein that
controls expression of proteins critical to DNA damage recognition and repair. The first
two alternatives seem unlikely because our attempts to search existing databases with the
IrrE sequence failed to connect this protein to any sequence motif associated with
proteins that mediate DNA damage tolerance. In addition, inspection of the DNA
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damage spectra generated by these agents (ionizing radiation, UV light and mitomycin C)
reveals that the principal damage suffered after exposure to each is unique. Ionizing
radiation generates massive amounts of oxidative damage significantly altering
nucleobases and compromising the integrity of the DNA double helix by the introduction
of both single and double strand breaks (65). The most abundant lesion induced after
exposure to UV is the pyrimidine dimer; two adjacent pyrimidines on the same DNA
strand are covalently linked along their C5 and C6 positions (65). Exposure to
mitomycin C causes both intra- and interstrand crosslinking of the DNA effectively
locking DNA helices together (65). Characterized DNA repair proteins tend to be rather
lesion or damage specific so based solely on IrrE’s influence on survival rates upon
exposure to these varied DNA damaging agents any assertion that IrrE represents a novel
DNA repair protein is probably inaccurate. Furthermore, studies of UV-induced DNA
damage in this species revealed no evidence supporting the existence of a novel DNA
repair protein. D. radiodurans has two excision repair pathways that target UV-induced
DNA damage, UvrABC-mediated nucleotide excision repair (NER) and alternative
excision repair (AER) that uses a UV damage endonuclease (57, 58, 140). Inactivation of
both repair pathways is sufficient to sensitize D. radiodurans to UV radiation, and a D.
radiodurans R1 uvrA uvs double mutant is as sensitive to UV light as LSU2030 (53). If
IrrE targeted UV-induced DNA damage in a manner analogous to the proteins that
mediate NER and AER, LSU2030 should be UV resistant; the redundant activity of the
NER and AER repair pathways protecting the cell.
In light of the pleiotropic effects exhibited by an irrE mutant of D. radiodurans, I
believe that IrrE is contributing in a more global way to the overall stress response in this
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species. It has been well established that protein synthesis is required for effective
radioresistance in D. radiodurans; the addition of chloramphenicol dramatically lowering
cell survival post-irradiation (46, 47, 81, 103). IrrE may represent some component of
this process responsible for 1) sensing damage and transmitting this signal to downstream
effectors of the stress response or, 2) directly interacting with and subsequently upregulating loci needed for a successful response to stress.
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CHAPTER THREE – GLOBAL EXPRESSION ANALYSIS OF R1 AND
LSU2030: IRRE IS A NOVEL REGULATOR OF DEINOCOCCUS
RADIODURANS’ RESPONSE TO IONIZING RADIATION
I. Introduction
In many species the multi-functional RecA protein plays an integral role in the
organism’s ability to respond to stress; RecA becomes activated as it recognizes signs of
DNA damage (ssDNA and dNTPs) and once activated interacts with and stimulates the
proteolytic cleavage of the LexA repressor. When cleaved, LexA cannot interact with its
normal binding sites, de-repressing what is known as the SOS regulon. This regulon,
first described in E. coli (116), consists of approximately 30 genes involved in DNA
repair and replication including recA and lexA, but constituents do vary among species.
As damage is repaired, fewer RecA molecules become activated resulting in decreased
levels of LexA cleavage. Once the number of full length LexA molecules becomes
sufficiently high, SOS-related transcription decreases as LexA resumes binding to
promoter sites containing the lexA-binding sequence. The SOS response in E. coli is
typified by this auto-regulated feedback loop that is complete when the damage is
repaired and expression levels for all SOS regulated genes including lexA and recA return
to those seen prior to stress. Figure 3.1 illustrates this process.
In a recent study, Narumi and colleagues (147) reported that deinococcal RecA
could elicit proteolytic cleavage of the deinococcal LexA protein in vitro. They also
showed that LexA was cleaved in vivo when D. radiodurans was exposed to ionizing
radiation, but only in a recA+ background. However, unlike the E. coli paradigm,
deinococcal recA gene expression is not regulated by the deinococcal LexA protein.
Nonetheless, in agreement with earlier work (30), RecA protein levels were shown to
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increase following exposure to ionizing radiation, suggesting that recA expression is
regulated in D. radiodurans (21, 147)

Strand Exchange

DNA Damage
Activated

RecA

LexA

co-protease

RecA

~30 genes including recA and lexA

mRNA

Figure 3.1. Diagrammatic illustration of the SOS response in E. coli.

It was shown using quantitative real-time PCR (Q-RT-PCR) that LSU2030, an
irrE strain of D. radiodurans discussed in the previous chapter, does not exhibit the
increases in recA transcript observed in the wild-type following exposure to ionizing
radiation, suggesting that IrrE positively regulates recA expression at the level of
transcription. In an effort to understand the full extent of IrrE mediated gene expression,
microarray technology was used to examine global changes in transcription in the R1 and
LSU2030 strains of D. radiodurans over a one hour time course following a 3000Gy
dose of ionizing radiation. In wild-type cultures approximately 3% of the predicted open
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reading frames (orfs) within the D. radiodurans’ genome responded with increased
transcription and less than 1% responded with a decrease in transcript level relative to an
un-irradiated R1 culture. IrrE clearly regulates transcription; greater than 25% of those
genes induced in response to ionizing radiation in R1 are not up-regulated in LSU2030.
Presumably, the failure to express proteins encoded by these genes explains the
radiosensitivity of irrE strains. This is the first description of a regulator that controls the
expression of RecA in response to DNA damage that is not a LexA homologue.
II. Results
A. The IrrE Protein Stimulates recA Expression Following the Cell’s Exposure to
Ionizing Radiation
To test the possibility that loss of IrrE might affect recA expression, changes in
the level of recA transcript were monitored using quantitative real-time PCR
(experimental details are found in Appendix A). Total RNA was isolated from
exponential phase cultures of R1 and LSU2030 (irrE2::TnDrCat) before and 0.5h after
exposure to 3000 Gy ionizing radiation. Concentrations of the recA transcript were
determined for irradiated and un-irradiated cultures in three independent experiments.
Changes in recA expression were evaluated by dividing the transcript concentration
obtained following irradiation by the concentration obtained prior to irradiation. The
mean of the quotients obtained is graphically represented in Figure 3.2
In R1, recA transcript levels increased 12.6 fold in irradiated cultures relative to
levels of recA transcript detected in un-irradiated cultures. In contrast, the mean recA
level only increased 2.6-fold in LSU2030 cultures following irradiation, indicating that
the irrE gene product strongly influences recA expression in D. radiodurans. In
comparison, the levels of glyceraldehyde 3-phosphate dehydrogenase (gap), a
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housekeeping gene whose expression is unaffected by ionizing radiation, induction for
R1 and LSU2030 were indistinguishable from one another. It appears that IrrE has a
regulatory function, serving as a positive effector of gene expression for at least recA.

16

Relative Gene Expression

14
12
10
8
6
4
2
0
DR2340

DR1343

Figure 3.2. Relative expression of recA and gap in R1 (black) and LSU2030
irrE2::TnDrCat (gray) following exposure to 3000 Gy ionizing radiation.
(Values greater than one represent an induction; values less than one represent repression
of the transcript.) Values are the mean + standard deviation of triplicate experiments (n =
6).
B. D. radiodurans Specific Microarrays Were Used to Examine and Compare
Global Transcription in R1 and LSU2030
To establish the full extent of IrrE activity on D. radiodurans’ response to stress,
microarray technology was used to compare global transcription in cultures of R1 and
LSU2030 exposed to ionizing radiation. If functional IrrE is required for the regulation
of genes critical to ionizing radiation resistance in D. radiodurans then differences in the
inducible response of these two strains should be evident in this analysis; genes normally
induced in R1 may not be so in LSU2030 (i.e., recA). D. radiodurans whole genome
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high-density microarray chips were constructed by The Institute for Genomic Research
(TIGR). Two hundred to eight hundred base pair fragments from 99% of the predicted
orfs present in the D. radiodurans genome were successfully amplified and placed in a
denaturing solution. The denatured PCR products were robotically arrayed onto
chemically treated glass slides at either 1.5 or 3 times coverage and immobilized by UV
cross-linking. An in depth description of slide preparation is available in Appendix A.
Preliminary work, using total RNA isolated from R1 cultures grown in TGY broth,
demonstrated that hybridization signals could be reproducibly detected from greater than
60% of the orfs present on the array indicating good spot retention during the
hybridization process. All slides were stored in a 25oC desiccator until their use in the
competition experiments described below.
All RNA samples used in the microarray experiments were carefully prepared in
order to avoid spurious transcript changes due to inconsistent preparation. One liter of
exponential phase R1 or LSU2030 cultures were irradiated to the final dose of 3,000 Gy.
Each liter of culture was harvested by centrifugation immediately after irradiation and at
0.5 or 1 hour post irradiation (experimental detail in Appendix A). Total RNA from each
time point was isolated using reagents from Molecular Research Center (Cincinnati, OH)
and treated with DNaseI (Ambion, Austin, TX) to eliminate any contaminating genomic
DNA which would interfere with the competitive hybridization. Probe preparation began
by converting two micrograms of RNA from each sample into cDNA with the addition of
appropriate reverse transcription reagents, random hexamers and a dNTP mix containing
aminoallyl-dUTPs (Sigma, St. Louis, MO). After purification, the resulting cDNAs were
incubated with either Cy3 or Cy5-NHS esters (Amersham Biosciences,
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Buckinghamshire, UK) that bind to the modified aminoallyl-containing nucleotides. This
indirect method of labeling is considered more effective than the direct incorporation of
dye labeled nucleotides during cDNA synthesis; presumably the incorporation of the
larger dye-containing nucleotides is not favored by the polymerase. Once the probes were
purified from residual dye molecules and dried down by vacuum centrifugation, they
were resuspended in hybridization buffer (50% formamide, 5X saline-sodium citrate
(SSC), 0.1% sodium dodecyl sulfate (SDS) and 100 µg of salmon sperm DNA per ml).
Each probe was then heated at 95oC for eight minutes, and a set of Cy3 and Cy5 labeled
probes were mixed according to which competition experiment was desired. For
example, Cy3 labeled probes made from RNA derived from irradiated cultures were
mixed with Cy5 labeled probes made from RNA derived from un-irradiated R1 cultures.
The combined probes were then ready for competitive hybridization on the microarray.
Prior to the introduction of probes, the printed slides were primed for
hybridization. Each slide was first incubated in pre-warmed pre-hybridization solution
(5X SSC, 0.1% SDS and 1.0% bovine serum albumin) at 42oC for one hour. The treated
slides were washed first in water then in isopropyl alcohol before being dried by
compressed air so that there were no visible streaks present on the array. The slides were
stored in a desiccator until needed, but were always used within the same day as prehybridization treatment.
Once probe pairs were ready for hybridization, the primed slides were placed into
hybridization chambers array side up and the mixed probes were pipetted directly onto
the spots. Glass coverslips were gently placed onto the slides effectively dispersing the
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probes along the entire array surface. Slides were placed in hybridization chambers and
incubated in a 42oC water-bath overnight.
After overnight incubation, the slides were removed from the hybridization
chambers and subjected to a series of washes: SSC/SDS, SSC and finally water. The
slides were dried with compressed air and stored in a desiccator until ready for scanning.
All slides were scanned at both 532 nm and 635 nm visible light using Genepix 4000
imager (Axon, Union City, CA) to measure Cy3 and Cy5 fluorescence, respectively.
Software developed at TIGR was used to analyze all microarray scans. TIGR’s
SPOTFINDER applies an algorithm that processes the entire scanned image generating a
grid around each array element. This allows for the identification of spots, calculation of
background noise and quantification of fluorescence signals. Only spots that were three
times above the local background levels, within a user-defined size limit and located near
the center of the grid were taken to be real and used to generate Cy3 and Cy5 signals as
well as ratios. The data from this software was then moved into another software
package called TIGR ArrayViewer. This program retrieves the data and allows the user
to set parameters for data analysis as well as format the data so that analysis is more
intuitive. Using the ArrayViewer software the data from each slide was normalized using
the total intensity of the array which adjusts each fluorescence measurement to the
collective intensity of the entire array once background noise has been subtracted out of
these measurements. In addition, expression ratio limits were set to three so that only
those spots exhibiting ratios either equal to or above 3 or below 0.3 would be included in
the dataset of differentially expressed genes. The final results were formatted and
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5 1322543 284285 0.21495331 ORF01269 DR0053

5 1384146 271721 0.19630949 ORF01269 DR0053

5 1896149 322620 0.17014486 ORF01269 DR0053

Report for SlideFile: R1normR11hr3kGy.tav
Normalization: Thresholds:
Total Intensity 0.25/0.75
Meta- Meta- Sub- SubCy5
Cy5/Cy3
Feat name
Row
Column Row Column Row ColumnCy3
88
53
7
6
4
3 3614520 447289 0.12374783ORF01191
88
43
7
5
4
3 3097496 440863 0.14232884ORF01191
88
33
7
4
4
3 3038420 458618 0.15093963ORF01191
60
55
5
6
4
5 858083 216272 0.25204089ORF01268
60
45
5
5
4
5 788909 194507 0.24655188ORF01268
60
35
5
4
4
5 817195 238512 0.29186669ORF01268

Com Name
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
conserved
hypothetical protein
conserved
hypothetical protein
conserved
hypothetical protein

Table 3.1. Arrayviewer report for slide file: R1 norm-R1 1hr3kGy. The values in the first 6 columns specify the precise location of
each spot on the array. Columns 7 and 8 provide the Cy3 and Cy5 intensities, respectively, from each spot calculated in arbitrary units
following each scan. Column 9 displays the Cy5/Cy3 ratio calculation of the intensities in Columns 7 and 8. The remaining 3
columns provide the original ORF designation, locus name and common name necessary for correct identification of each spot.

transferred into an Excel file where the data was sorted by the numbers assigned to each
orf by the TIGR genome sequence for comparison among experiments. Table 3.1 shows
a portion of one data set generated by ArrayViewer, moved into Excel and sorted by their
assigned number. The data reported in this table were derived from a competitive
hybridization of a Cy5 labeled un-irradiated R1 sample and a Cy3 labeled irradiated R1
sample (one hour post 3,000Gy). All three genes were spotted in triplicate and were
more highly expressed in the irradiated culture than in the un-irradiated culture. For
example, the expression of DR0003 was an average of 7.3 times higher one hour post
irradiation than prior to irradiation.
C. Global Expression Analysis of R1 Reveals that Relatively Few Genes Are Upregulated in Response to 3,000 Gy of Ionizing Radiation
To determine R1’s global transcriptional response to ionizing radiation the
following competitive hybridizations were conducted and analyzed as described above:
1) R1 un-irradiated versus R1 0 hour post 3,000 Gy,
2) R1 un-irradiated versus R1 0.5 hour post 3,000 Gy, and
3) R1 un-irradiated versus R1 1 hour post 3,000 Gy.
Each probe pairing was repeated in 6 different independent experimental trials and the
results obtained from these experiments are shown in Tables 3.2 and 3.3. For inclusion in
these tables a transcript must have exhibited either induction or repression in at least two
of six experiments. Table 3.2 provides the means of expression ratios for transcripts that
were more highly abundant in the irradiated samples relative to the un-irradiated samples.
In other words, this table describes the genes induced in response to ionizing radiation.
Table 3.3 provides the means of expression ratios for transcripts that were more highly
expressed in the un-irradiated samples relative to the irradiated samples; the genes whose
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expression is repressed in response to ionizing radiation. The range of expression ratios
used to calculate each mean value is included in each table.
The number of differentially expressed genes is relatively low. In total, there are
only 83 genes from all three time points that are induced in response to ionizing radiation.
Of the 3187 orfs predicted within the D. radiodurans genome, this number represents
only 2.6% of that total. Evidently, D. radiodurans can accurately repair over 100 DNA
double strand breaks in addition to single strand breaks and hundreds of sites of base
damage per genome copy with only a small subset of genes responding with increased
transcription. The number of genes exhibiting repression post irradiation is even lower.
Seven genes representing 0.2% of D. radiodurans’ orfs are repressed following ionizing
radiation. Low levels of gene expression are not without precedent. When E. coli is
exposed to hydrogen peroxide (210), only 3% of the E. coli genome responds with
increased transcription.
Although an increase in gene expression certainly suggests that the resultant
protein has some critical function in the cell’s response to a given condition, this need not
always be true. A gene products’ physiological significance can only be determined
experimentally, and it is necessary to recognize when evaluating global expression
studies that circumstances other than direct regulation can result in increased
transcription. These events are usually due to phenomena generically referred to as
proximity effects; a regulatory element is situated in such a manner that stimulatory
effects meant for one gene are felt by surrounding genes. This co-regulation may result
from the positioning of genes in operons, or read-through transcription into adjacent
genes caused by inefficient transcriptional termination, or influences from other protein
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DR0970

DR2224
DR2275
DR2340
DRB0092

DR1771
DR1913
DR1998
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DR0596
DR0906
DR1262

DR #
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electron transfer flavoprotein, alpha
subunit

DNA DAMAGE REPAIR/ STRESS
RESPONSE PROTEINS
Holliday junction DNA helicase
DNA gyrase, subunit B
ribonucleotide Ro/SS-A-related
protein
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tellurium resistance protein TerB,
putative
tellurium resistance TerZ
exinuclease ABC, subunit B
recA protein
DNA-binding stress response prot.,
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frnE protein
HicB-related protein

TRANSPORT
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ammonium transporter
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DR0363

TRANSPORT
peptide ABC transporter, peri.
pep.-binding protein, put.

PROTEIN FATE
endopeptidase-related protein
DR1325
serine protease, subtilase family
DR1459
DRA0341 serine protease, subtilase family

CELL DIVISION
DRC0013 N-acetylmuramoyl L-alanine
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METABOLISM/
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HYPOTHETICALS
hypothetical
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conserved hypothetical
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Table 3.3. Genes more highly expressed in unirradiated R1 than irradiated R1
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4

4-5
3

3-4

and DNA structural factors that expose surrounding promoters to transcriptional
machinery (39). In the case of operons or genes that are co-directionally oriented an
increase in transcription may prove physiologically relevant. However, the R1 induced
dataset provides an example of increased transcription within constituents of an operon
whose activities are not all relevant to survival following ionizing radiation. Genes
DR2338, DR2339 and DR2340 are all part of a presumed operon and are up-regulated
upon exposure to ionizing radiation. Mutational analyses described in more detail later
show that loss of either DR2338 or DR2339 does not affect D. radiodurans ability to
grow or to survive exposure to ionizing radiation. DR2340 encoding the RecA protein,
on the other hand, when inactivated confers a marked radio-sensitivity to D. radiodurans.
DR2338 and DR2339 appear to be subject to the same regulation as recA, but do not
provide any obvious biological necessity in the cell’s recovery from ionizing radiation
exposure. Therefore, genes that exhibit a relative ratio above the threshold limit must be
critically evaluated for these contextual effects.
Repression data must be similarly treated; the importance of a repression should
also be experimentally verified for its contribution to the overall response. One of the
limitations of microarray analyses is that this technology cannot differentiate between
transcripts that are truly down-regulated or repressed at the transcriptional level and
transcripts that are subject to increased degradation upon some environmental exposure.
In both cases, the relative number of transcripts will decrease relative to the control, but
the reasons for decline cannot be discerned from microarray data alone. The arguments
presented above for induction data could also apply to the repression data; the context of
a repressed gene must be evaluated. However, the repression data presented in Table 3.3
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does not appear to include genes that are within the same region of the genome as DR
numbers were sequentially assigned to genes starting at the origin of replication with
DR0001.
D. The Expression of Seven Genes Was Verified with Quantitative Real-time PCR
(Q-RT-PCR)
As an independent confirmation of the validity of the microarray results the
expression of seven genes was monitored throughout the time course using quantitative
real time PCR. Total RNA was isolated from exponential phase cultures of R1 before
and at each time point after exposure to 3000 Gy ionizing radiation. Changes in
transcript abundance for recA, gap and five hypothetical genes (DR0003, DR0070,
DR0326, DR0423 and DRA0346) were determined as previously described. The results
of this analysis are compiled and listed in Table 3.4 as a side-by-side comparison with the
relative ratios obtained from the microarray analyses. The Q-RT-PCR results are also
graphically shown in Figure 3.3. In all cases the pattern of expression for each gene was
consistent with what was seen using the microarrays; the transcription of six genes was
increased following exposure to ionizing radiation as expected and the levels of gap
transcript remained unchanged. The relative change in expression for each gene provided
as the mean ratio in Table 3.2 was also consistent with what was seen using the
microarrays except for DR0070. The relative change observed for DR0070 transcript
was two to six times higher in the Q-RT-PCR dataset than the microarray dataset. This
observation is not without precedent, however. A recent study by Yuen et al. (207)
carefully measured the accuracy of oligonucleotide and cDNA microarrays using Q-RTPCR. They found that although array platforms were successful in identifying
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Figure 3.3. Relative expression of five hypothetical genes, recA (DR2340) and gap (DR1343) in R1 following exposure to 3000 Gy
ionizing radiation. Values are the mean + standard deviation of triplicate experiments (n = 6).

Relative Gene Expression

Gene Name

recA protein
gap protein
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

DR #

DR2340
DR1343
DR0003
DR0070
DR0326
DR0423
DRA0346
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0 Hour 0.5 Hour
1 Hour
Mean Ratio (Range)
7 (4-14)
10 (4-25) 6 (4-10)
---12 (6-36) 12 (4-32) 8 (6-13)
13 (4-27) 7 (3-20)
8 (3-13)
12 (6-26) 13 (5-20) 8 (5-13)
18 (7-50) 18 (5-26) 16 (4-25)
15 (6-20) 12 (8-13) 9 (4-14)

MICROARRAY
0 Hour
0.5 Hour
1 Hour
Mean Ratio (Range)
7 (4-10)
13 (12-14) 6 (5-7)
1 (0.1-1)
1 (0.4-1)
1 (0.4-3)
7 (5-10)
8 (4-12)
15 (10-21)
42 (41-43) 39 (37-41) 12 (12-13)
11 (7-16) 11 (10-13) 4 (4)
13 (10-17) 23 (20-28) 11 (7-14)
5 (4-6)
7 (7)
4 (3-5)

QUANTITATIVE REAL-TIME
PCR

Table 3.4. Side-by-side comparison of the relative ratios obtained from the microarray and Q-RT-PCR analyses of R1’s recovery
following a 3,000 Gy dose of ionizing radiation.

regulated genes they consistently underestimated induction levels. The authors postulate
that these discrepancies may arise as the result of the microarray overestimating control
transcript abundance as the result of non-specific hybridization at a given spot, or,
alternatively, underestimating experimental transcript abundance because of spot
saturation (207). Overall the uniformity of measurements from the Q-RT-PCR and
microarray analyses suggests that the transcriptional changes reported by the microarray
are reliable.
E. Brief Descriptions of the Genes Involved in D. radiodurans’ Response to Ionizing
Radiation
The genes that have responded in this wild-type dataset presumably represent all
of the inductions and repressions that are required for D. radiodurans to survive and
effectively repair damage generated by a 3,000 Gy dose of ionizing radiation. This R1
induction dataset will serve as the baseline or benchmark of comparison for all other
microarray datasets examined in this and subsequent chapters Therefore, a brief
overview of the characterized genes among this list is warranted. Although the following
section includes descriptions and discussion of gene homologues from only selected
functional categories a description of the complete set of responding genes can be found
in Appendix B. These descriptions will provide pertinent information about each
responding gene and when possible discussion of mutants and their comparison to what is
seen in the model organism E. coli.
1. DNA Repair and Stress Response
a. DR0596
Two of the eleven genes in this category are directly involved in recombination
repair. DR0596 encodes a Holliday junction DNA helicase exhibiting 81.3% homology
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at the amino acid level to the RuvB protein of E. coli. RuvB is a DNA dependent
ATPase that along with the RuvA protein in E.coli binds to and promotes the movement
of Holliday junctions formed during homologous recombination (95). Inactivation of
either ruvA or ruvB in E. coli sensitizes the cells to mitomycin C, UV and ionizing
radiations (117, 152). Kitayama et al. inactivated the ruvB locus in D. radiodurans and
reported that the mutant exhibited only a very modest sensitivity (no sensitivity at low
doses and less than one order of magnitude at higher doses) to mitomycin C, UV and
ionizing radiation exposures (102). The lack of sensitivity of ruvB mutants in D.
radiodurans suggests two possibilities: 1) this protein and its related activity are not
necessary for radioresistance, or 2) the ruvB- cell exhibits a redundant activity that
compensates for the loss of RuvB.
b. DR2340
As previously demonstrated, the recA gene is induced in response to ionizing
radiation and remains more highly expressed over all three time points examined
compared to the un-irradiated sample. This gene product has 69% amino acid sequence
homology to the E. coli RecA (76) and appears to function in a similar manner
facilitating DNA exchange using ATP hydrolysis (100). However, deinococcal RecA
preferentially forms filaments along double stranded DNA which is quite unlike the
RecAs of other characterized species including E. coli (99). The significance of this
variation in RecA binding is still being investigated. As already described, the
deinococcal RecA can also cleave the LexA repressor when activated (147). Inactivation
of recA in D. radiodurans does confer severe sensitivity to mitomycin C, ionizing
radiation and UV light (76, 146).
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c. DR1771 and DR2275
Two representatives of the nucleotide excision repair (NER) pathway are also
induced in response to ionizing radiation. UvrA and UvrB are two components of the
Uvr(A)BC damage-specific endonuclease first described in E. coli (90, 163, 173). The
deinococcal UvrA and UvrB proteins have 67% and 70% similarity at the amino acid
level to those of E. coli, respectively. In E. coli, a dimer of UvrA acts as a ‘molecular
matchmaker’ targeting the UvrB protein to sites of DNA base damage. Once UvrB
interacts with the lesion the UvrA dimer dissociates from the complex and the third
component of the endonuclease, UvrC, interacts with the DNA-UvrB complex initiating a
bimodal incision on either side of the lesion (164, 167). This, along with the UvrD
helicase, releases the damaged section of DNA leaving a gap that is filled in by DNA
polymerase I and DNA ligase. This complex can recognize and remove DNA fragments
containing a multitude of damaged bases including apurinic sites (177). Characterization
of two mitomycin C sensitive mutants of D. radiodurans isolated after MNNG
mutagenesis (137) established that inactivation of the uvrA locus does confer sensitivity
to the cross-linking agent, but not to UV or ionizing radiation (145). As mentioned in the
previous chapter, the action of an alternative excision repair (AER) pathway rescues uvrA
strains from UV-induced lethality (53). However, a double mutant defective in AER and
NER exhibits no loss of ionizing radiation resistance (53).
d. DR1998
DR1998 is a homologue of the katA gene and its gene product has 56% amino
acid sequence homology to KatE of E. coli. KatA is a catalase capable of converting
hydrogen peroxide, a strong oxidant, to water and oxygen. In E. coli, mutations in katA
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confer sensitivity to near UV radiation and hydrogen peroxide (165). Markille et al.
inactivated the katA locus in D. radiodurans by duplication insertion and assayed the
mutant’s ability to survive ionizing radiation relative to the wild-type strain (123). There
was a very modest increase in radiation sensitivity in the katA mutant, but the effects
were only seen at doses above 30,000 Gy. At a dose of 32,000 Gy the katA mutant
exhibited 0.0001% survival relative to the wild-type strain’s 0.001% survival suggesting
that this gene product contributes little to D. radiodurans’ overall ionizing radiation
resistance.
e. DR2220 and DR2224
Two genes annotated as having a role in tellurium resistance were also induced.
The TerB and TerZ homologues have 50% and 67% similarity, respectively, at the amino
acid level to their E. coli counterparts. In E. coli, the determinants for tellurium
resistance were initially found to be plasmid-borne (182) and were also associated with
resistance to bacteriophage (188) and colicins (162). These genes are part of a
pathogenicity island in E. coli which also contains integrase, phage and urease genes
(186) and appear to be up-regulated in the presence of tellurite (187). Although it is
unclear why D. radiodurans would up-regulate these genes in response to ionizing
radiation, the MIC (minimum inhibitory concentration) of tellurite for D. radiodurans is
1,024 µg/ml (187), comparable to that of E. coli.
f. DR0906 and DR1913
Genes encoding the two subunits of the DNA gyrase, gyrA and gyrB, (60% and
58% similarity at the amino acid level to those of E. coli) are induced in response to
ionizing radiation. DNA gyrase is responsible for maintaining the DNA under constant
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tension. This enzyme is continuously forming negative supercoils in the DNA helix in an
effort to alleviate excess positive supercoiling caused by transcription, DNA replication
and repair processes. The removal of positive supercoils is necessary for E. coli’s NER
pathway to function efficiently (153). Antimicrobials including nalidixic acid and
oxolinic acid are known antagonists of DNA gyrase (67). Treatment with these
compounds leads to the formation of DNA double strand breaks (178) that cannot be
repaired upon continued exposure (84, 158) to these antagonists. Inactivating mutations
in the gyrB gene also prevents E. coli from carrying out effective excision and postreplication repair (196). Driedger and Grayston (50) studied the effects of nalidixic acid
on the repair mechanisms of D. radiodurans. They observed that the length and amount
of chromosome degradation post ionizing radiation exposure was enhanced presumably
due to the inability of the organism to carry out DNA double strand break repair (50).
g. DRB0092
Another stress response gene included in this list encodes a homologue (44%
homology at the amino acid level) of the dps gene of E. coli. In E. coli, the Dps protein
(DNA binding protein from starved cells) is induced in response to exogenous stress and
entry into stationary phase and non-specifically binds to and protects DNA (2, 124).
Three-day starved E. coli cells lacking Dps are much more sensitive to hydrogen
peroxide than their wild-type counterparts; the dps mutants exhibit over seven orders of
magnitude more sensitivity (2). Two dps homologues in Bacillus subtilis are also
induced in response to stress and when absent confer sensitivities to agents that cause
oxidative stress (6, 33). There has been no formal investigation of whether the D.
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radiodurans dps homologue functions in a manner analogous to the ones described in
these species.
h. DR1262
A Ro 60-kD autoantigen ortholog of D. radiodurans, rsr, is also induced in
response to ionizing radation. This protein, first discovered in eukaryotes (87), binds to
small cytoplasmic RNAs called Y RNAs. The exact function of this protein or the Y
RNAs it binds is still not known, but it has been suggested that the Ro 60-kD autoantigen
may participate in 5S rRNA quality control during ribosome formation in Xenopus laevis
(150). Furthermore, this ribonucleoprotein is implicated in certain human immune
disorders including systemic lupus erythematosus and Sjögren’s syndrome making it of
considerable interest (161). Chen et al. (34) inactivated the rsr (Ro-sixty related) gene of
D. radiodurans (51% similarity to the protein of Xenopus laevis) and showed that the
mutant cells were unable to survive UV irradiation as well as the wild-type cells; obvious
sensitivity was seen at 500 Jm-2 and became increasingly dramatic at higher doses until
survival dropped two orders of magnitude relative to wild type at 1000 Jm-2 (34).
Considering that D. radiodurans is the first bacterium known to carry an analogue of the
Ro 60-kD autoantigen and also encodes and transcribes the prerequisite small RNAs
these findings may suggest a role for this ribonucleoprotein in the UV response of higher
eukaryotes. The deinococcal rsr mutant did not, however, exhibit any loss of survival
following ionizing radiation exposure (34).
2. Hypothetical
Over one-third (35%) of the genes exhibiting increased transcription upon
exposure to ionizing radiation are within the hypothetical category. Table 3.5 provides
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Gene Name

INDUCED
TRANSCRIPTS
hypothetical

DR#

DR0003

conserved hypothetical
yjoA gene of unknown function
vpr minor extracellular serine protease
conserved hypothetical

ORF2136
putative WD repeat protein
similar to capsular polysaccharide
biosynthesis protein
putative translation initiation factor
no match

hypothetical

hypothetical
hypothetical

conserved
hypothetical

hypothetical

hypothetical
hypothetical

hypothetical

hypothetical

DR0052

DR0053
DR0070

DR0194

DR0219

DR0227
DR0326

DR0423

DR0438
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predicted metal-dependent peptidase

vancomycin B-type resistance protein VanW

conserved
hypothetical

ABC transporter, ATP-binding protein, EF-3
family
conserved hypothetica

BLASTp closest match

DR0025

Putative conserved
domains

Closest BLASTp matches to induced
and repressed hypothetical genes

Table 3.5

Lactococcus lactis
bacteriophage u136

Deinococcus
radiodurans
Deinococcus
radiodurans
Enterococcus
faecalis
Streptomyces
coelicolor A3 (2)
Bacillus subtilis
Bacillus
pseudofirmus
Clostridium
perfringens
Clostridium
acetobutylicum
Marchantia
polymorpha
Oryza sativa
B. subtilis

Organism

2x10-5

5.2
0.22

1.7

4x10-32

6x10-39

0.004
0.071

3x10-25

9x10-6

4x10-50

0.44

E-value

no match
conserved hypothetical
metal ion efflux RND protein family
Cytochrome c, putative
hypothetical in crtE 3’ region (ORF2)
unknown protein
conserved domain protein

hypothetical
hypothetical

hypothetical

hypothetical

hypothetical

hypothetical
hypothetical

hypothetical
hypothetical

hypothetical

DR1315
DR1370

DR1422

DR1439

DR1465

DR1803
DR2073

DR2309
DR2414

DR2441
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nuclear hormone receptor
chain H, antigen-binding fragment of the
murine antiphenylarsonate antibody 36-71
acetyltransferase family AGR_C4163p (conserved hypothetical
imported form P. aeruginosa)
(8x10-6)

LolA, outer membrane
lipoprotein carrier
protein (0.002)

preprotein translocase subunit SecY

DR1264

no match
conserved hypothetical

NonF

hypothetical
conserved
hypothetical
hypothetical

conserved hypothetical

DR0533
DR1263

ThiJ, ThiJ/PfpI family
(4x10-18)

conserved
hypothetical

DR0491

Table 3.5.
cont.

Agrobacterium
tumefaciencs

Caulobacter
crescentus CB15
Chlorobium
tepidum TLS
Pantoea
agglomerans
Nostoc sp.
Streptococcus
pneumoniae TIGR4
C. elegans
Mus musculus

Methanosarcina
acetivorans

Methanopyrus
kandleri

S. coelicolor

Sinorhizobium
meliloti
Streptomyces
griseus

0.005

3.8
2.2

0.005
0.003

1.4

8x10-32

9.2

2x10-8

5x10-20

2x10-29

3x10-41

hypothetical protein
similar to acetyltransferase
CG11248 gene product
hypothetical protein

REPRESSED
TRANSCRIPTS
hypothetical

hypothetical
hypothetical

hypothetical

conserved
hypothetical

hypothetical
hypothetical

DR0094

DR0105
DR0547

DR0969

DR2143

DRA0302
DRB0100
DUF135, protein of
unknown function
(0.001)

DUF107, protein of
unknown function

pyridoxaminekinase

hypothetical

DRB0142
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hypothetical transmembrane protein
no match
homolog of DNA ligase III

AGR_2125p

hypothetical protein

homolog of eukaryotic DNA ligase III

hypothetical

DRB0100

DUF135, protein of
unknown function
(0.001)

hypothetical protein

hypothetical

DRA0346

Table 3.5.
cont.

C. acetobutylicum

S. meliloti

Pseudomonas
aeruginosa
B. subtilis
Drosophila
melanogaster
D. radiodurans
DR1924
D. radiodurans
DR1923
A. tumefaciens

Yersinia pestis

Macaca
fascicularis
Clostridium
acetobutylicum

0.003

2x10-17

9x10-19

2x10-22

1x10-29

1.5
8.0

0.43

0.003

0.97

the closest BLASTp matches for this group of putative proteins based on their amino acid
sequences. Instances where the closest match was to another hypothetical or unknown
protein is also given. The majority of these putative proteins have little to no sequence
similarity to other proteins from all current databases; the expect values for only six of
the matches are above 1 x 10-10 and three hypothetical sequences give no match at all.
This subset of proteins was among the most highly induced in our microarray studies.
Six of the 28 hypothetical coding sequences were induced greater than ten-fold when
irradiated, whereas only three of the thirty six genes identified by sequence homology are
above the ten-fold induction level. In addition, the most highly induced gene identified in
the microarray analysis, DR0423, belongs to the hypothetical group exhibiting an 18-fold
increase beyond the un-irradiated level. It is conceivable that one or more of the
hypothetical genes in this list encode novel enzymes involved in the repair of DNA or
other cellular constituents. Further genetic and biochemical analysis will determine the
contribution of each to D. radiodurans extraordinary resistance mechanisms.
3. Transposase
The last large class of induced genes is putative transposases. Transposases
facilitate the movement of mobile genetic elements called transposons within the
chromosome. These enzymes, encoded within the transposon, generate the requisite
double strand break and facilitate entry of the transposon, typically into a random site in
the chromosome. This process can give rise to a number of genetic phenomena including
gene rearrangements, gene disruptions and integration of plasmids into the chromosome.
D. radiodurans does contain a relatively large number of insertion (IS) elements. These
‘mobile’ elements are found scattered throughout all four of D. radiodurans’ genetic
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elements and typically encode a transposase that is associated with inverted terminal
and/or internal repeats (122). Analysis of these elements suggests that they are probably
not transpositionally active in this organism (122), but the presence of these transcripts
among our induction dataset may provide reason to investigate this assertion further.
Although induction of these genes may ultimately prove biologically interesting
there are certain factors that prohibit a real assessment of the validity of these data. First,
the insertion sequences characterized in D. radiodurans belong to two main families, IS4
and IS605. In D. radiodurans these IS elements have little to no sequence variation.
Therefore, there is no way to determine whether hybridization at a particular spot is
occurring as a result of increased transcription from that particular chromosomal site or is
due to cross-hybridization from increased transcription at another identical, but distinct
site. Second, TIGR unknowingly sequenced a D. radiodurans strain that is not the
ATCC strain used in these experiments. Unfortunately, the identity of this strain remains
unknown, but is thought to be derived from R1. Genetic differences between the two
strains have already been shown (179) and were most likely the result of one or more
laboratories passaging the R1 strain on solid media instead of working from cultures
stored as frozen permanents. Since these transposable elements may have contributed
disproportionately to the genetic differences between the two strains determining what
proximity effects may be imparted on these loci is impossible. The only remedy to
understanding whether these transposases are regulated independent of sequence context
would be to repeat the array experiments using the sequenced strain so that surrounding
sequences could be more closely evaluated or to sequence the ATCC strain. Since

80

neither of these possibilities is immediately achievable the role of the transposases can
only be discerned at a later time or with other methods.
F. IrrE Appears to Positively Regulate a Large Number of Genes Involved in D.
radiodurans’ Response to Ionizing Radiation
The following series of competitive hybridizations were performed in an effort to
determine which genes involved in D. radiodurans response to ionizing radiation are
affected by the loss of IrrE:
1) R1 0 hour post 3,000 Gy versus LSU2030 0 hour post 3,000 Gy,
2) R1 0.5 hour post 3,000 Gy versus LSU2030 0.5 hour post 3,000 Gy and
3) R1 1 hour post 3,000 Gy versus LSU2030 1 hour post 3,000 Gy.
Each probe pairing was repeated with three biological replicates and the results obtained
from these experiments are listed in Table 3.6 and Table 3.7. For inclusion in these
tables a gene must have exhibited either induction or repression in at least two of the
three experiments. Table 3.6 provides the means of expression ratios for transcripts that
were more highly abundant in the R1 samples when compared to LSU2030 and Table 3.7
provides the means of expression ratios for transcripts that were more highly abundant in
LSU2030 compared to R1. The tables also provide a range for the expression ratios used
to calculate each mean value.
Forty-nine transcripts are less abundant in LSU2030 than R1 following exposure
to ionizing radiation. Presumably these genes are in some way positively controlled by
IrrE as IrrE inactivation prevents appropriate induction of this subset. Figure 3.4
diagrammatically illustrates the overlap between these 49 genes (gray circle) and the 83
genes (blue circle) collectively induced in the original R1 induction dataset. Curiously,
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Gene Name

HYPOTHETICALS
hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

DR #

DR0003
DR0070
DR0105
DR0152
DR0326
DR0422
DR0423
DR0533
DR0595
DR0644
DR1142
DR1143
DR1803
DR1901
DR1907
DR1954
DR1971
DR2073
DR2090
DR2441
DRA0165
DRA0166
DRA0345

Table 3.6. Genes more highly
expressed in R1 than LSU2030

16-25
22-53
29-41
3
52-80
4-5
3
3-11
4-13
4
3
6-9
5-6
4
3-5
4

22
39
33
3
62
5
3
8
9
4
3
7
6
4
4
4

0 Hour
Mean
Range

82

3-4
3

3-4
4-8
5-10
4-5
4
6
8
5

3
5
4
6

33-110
4

73
4

3
3-7
3-4
5-8

10-15
8-35
3
3-4
12-22

12
19
3
3
18

0.5 Hour
Mean
Range

4

4

18

12

5
15

3-4

4

14-30

6-32

3-10
12-29

1 Hour
Mean
Range

DR2364
DR2374

DR0791
DR0799

DR1913
DR1916
DR2223
DR2224
DR2275
DR2340

DR0906
DR1477
DR1902

DR0596

DRA0346
DRC0023

Table 3.6.
cont.

METABOLISM/ENERGY
ACQUISITION
chloride peroxidase, putative
glucose-fructose,
oxidoreductase
L-lactate dehydrogenase
ribonucleoside-diphosphate
reductase related protein,
intein-containing

DNA DAMAGE REPAIR/
STRESS RESPONSE
Holliday junction DNA
helicase
DNA gyrase, subunit B
DNA repair protein
exodeoxyribonuclease V,
subunit RecD, putative
DNA gyrase, subunit A
DNA helicase RecG
tellurium resistance TerA
tellurium resistance TerZ
exinuclease ABC, subunit B
recA protein

hypothetical
hypothetical

3-5
3-4
5-6
16-28
3-5
12-19

4-5

4
4
4
5
21
4
16

3-5

14-20

10-20
3

3

16

16
3

83

3

3

3-5
3
3

7

14-17
16

4
3

6

6

4-6
8-17

3
3-4

6-11

11-13

5
13

3
3

9

12

3-4

5-11

5-11

5-8

DR1790

DR1115

DR2338
DR2574

DR2325

DR2322

DR2339

DR2563

DR2386

Table 3.6.
cont.

UNKNOWN
yellow-related protein

OUTER STRUCTURES
S-layer-like array related
related protein

REGULATORY
PROTEINS
cinA protein
transcriptional reg.,
HTH_3 family

PROTEIN FATE
serine protease, subtilase
family, C-term frag.
serine protease, subtilase
family, N-term. frag.

RNA PROCESSING
2’-5’ RNA ligase, putative

phenylacetic acid
degradation protein PaaA
magnesium
protoporphyrin chelatase,
putative

3

11
22

4

3-4

8-13
20-24

3-5

84

4

9
20

3

3

4

3-5

6
16

6

3

7-13
13-24

6

3-4

3-6

4

4-8
8-45

5-8

5-7

3-4

DR1988

Table 3.6.
cont.

PhoH-related protein
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3

3-4

26 loci did not overlap with the original R1 induction dataset. However, with the
exception of two genes (Cy5/Cy3 ratios ~5) these 26 genes all have Cy5/Cy3 ratios

60

23

26

Figure 3.4. Comparison of the R1 induction dataset (blue) and genes more highly
expressed in R1 than in LSU2030 (gray) following exposure to ionizing radiation. The
region of overlap represents the number of transcripts these two datasets have in
common. This overlapping set of genes is identified by bold typeface in Table 3.6 and
listed in Figure 3.6.
barely above the cutoff threshold of three. This non-overlapping subset may have
emerged as the result of a number of events: 1) the gene is slightly repressed in LSU2030
relative to R1 under normal conditions so that when ionizing radiation is administered the
relative transcript abundance becomes more pronounced as LSU2030 is unable to upregulate the transcript, 2) the gene is repressed in LSU2030 upon exposure to ionizing
radiation,perhaps, as a consequence of the de-regulation of other genes or 3) the gene is,
in fact, induced above threshold in the wild-type, but was not seen in more than one
experiment and thus was not included in the list of induced genes. Although it is not
certain which of these possibilities explain this non-overlapping phenomenon, only genes
that overlap with the original R1 induction dataset will be considered in this analysis as
the R1 dataset serves as the standard for what is considered requisite for ionizing
radiation survival in D. radiodurans.
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Twenty three genes induced in R1’s response to ionizing radiation exposure are
also differentially expressed in LSU2030 after a 3000 Gy dose of ionizing radiation. The
23 overlapping genes represent greater than 25% of those genes induced in the wild-type
and include recA, confirming previous results obtained by Q-RT-PCR (Figure 3.1). This
overlapping gene set is identified by bold typeface in Table 3.6 and listed in Figure 3.6.
Figure 3.5 further illustrates how the two datasets overlap and reveals the relative
importance of IrrE to gene induction within different functional categories. It is clear
from this figure that even among non-overlapping transcripts the overwhelming majority
of differentially expressed genes in LSU2030 following exposure to ionizing radiation
either encode hypothetical proteins or are involved in DNA damage repair or response to
stress. In fact, these two groups comprise nearly 75% of the total number of
differentially expressed genes in LSU2030. Examination of the overlap between R1’s
and LSU2030’s response to ionizing radiation indicates that IrrE positively regulates
greater than 50% of those transcripts associated with DNA repair and stress responses
induced in R1 following exposure to ionizing radiation. In addition, over one-third of the
hypothetical genes induced in R1’s response to ionizing radiation do not achieve wildtype expression levels in this irrE mutant, including the most highly expressed genes in
the R1 analyses (see Figure 3.6). In contrast, IrrE inactivation appears to have no effect
on the induction of genes involved in transport, protein synthesis or transposition.
Inactivation of IrrE clearly affects a substantial portion of D. radiodurans’ transcriptional
response to ionizing radiation, specifically limiting increases in transcript abundance for
genes that are known to facilitate DNA repair. Presumably it is this lack of induction that
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11

2

14

2

4

6

4

1 1

Transposase

10

Outer
Structure

1

Protein Fate

4

6

Unknown
Function

2

Transport

2

RNA
Processing

1 1
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Figure 3.5. Functional group comparisons of the R1 induction dataset (blue) and genes more highly expressed in R1 than in LSU2030
(gray) following exposure to ionizing radiation. The regions of overlap represent transcripts that these two datasets have in common.
This overlapping set of genes is identified by bold typeface in Table 3.6 and listed in Figure 3.6.

Protein
Synthesis

1

DNA Repair/
Stress Response

5

Transcripts more highly expressed in
R1 irradiated than LSU2030 irradiated

Metabolism/
Energy Acquisition

7

Hypothetical

Regulation

4

20

Transcripts more highly expressed in
irradiated R1 than unirradiated R1

renders LSU2030 unable to repair dsbs (Figure 2.8) and consequently four orders of
magnitude more sensitive to a 3,000 Gy dose of ionizing radiation than R1. Based on

DNA Repair/
Stress Response
Hypothetical
DR0003 hypothetical
DR0070 hypothetical
DR0326 hypothetical
DR0423 hypothetical
DR0533 hypothetical
DR1142 hypothetical
DR1143 hypothetical
DR1803 hypothetical
DR2073 hypothetical
DR2441 hypothetical
DRA0346 hypothetical

DR0596 Holliday junction DNA
helicase
DR0906 DNA gyrase, subunit B
DR1913 DNA gyrase, subunit A
DR2224 tellurium resistance TerZ
DR2275 exinuclease ABC, subunit B
DR2340 recA protein

M e t a b o lis m

DR2374 nrd related protein
DR2563 magnesium proto.
chelatase

R
e g u la t io n
Re

DR2338 cinA
DR2574 transcript.
RNA
reg. HTH_3 family

Processing
Protein DR2339
F at e
2’-5’

DR2325 RNA ligase
serine
protease

Figure 3.6. The 23 genes that overlap in the R1 and LSU2030 analyses organized into
functional categories.
these results, IrrE appears to represent a novel transcriptional regulator that activates the
transcription of stress induced loci. The 23 genes listed in Figure 3.6 are also significant
because they focus attention to a rather small subset of genes that apparently encode
proteins critical in D. radiodurans’ response to ionizing radiation. This list could serve to
prioritize future characterization of genes, specifically those in the hypothetical category.
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The 60 genes induced in the original R1 dataset that do not overlap with those
genes differentially expressed in LSU2030 suggest that this non-overlapping subset is
being expressed at wild-type levels in the mutant. The fact that there are transcripts
whose abundance is unaffected by IrrE inactivation directly points to there being at least
two different inducible responses to ionizing radiation in D. radiodurans; one dependent
on IrrE and the other not. This non-overlapping subset of genes argues against the idea
that differences in gene expression between the mutant and the wild-type are actually due
to loss of LSU2030 viability; if cell viability were an issue all transcripts would appear to
be differentially expressed throughout the time course. The generation of data in Table
3.7, discussed in the next section, also proves that differences in transcript abundance are
not merely due to LSU2030 lethality. This dataset represents a small set of genes that are
actually more highly expressed in the mutant than in the wild-type.
G. Twenty Four Genes Were More Highly Expressed in LSU2030
Table 3.7 lists the 24 genes that are more highly expressed in LSU2030 than R1
throughout the one hour time course following exposure to ionizing radiation. Three
gene groups from this set contain the highest number of differentially transcribed genes:
hypothetical, protein synthesis and transposase. Interestingly, some of the genes that are
more highly expressed in LSU2030 also show up in the R1 induction dataset including
citrate lyase, ribosomal protein S18 and an ATP-dependent protease. None of the
differentially expressed transcripts overlap with the R1 repression dataset. The genes that
are more highly expressed in LSU2030 may have arisen in two different ways. The
transcripts may be actively up-regulated beyond that of the wild-type, perhaps, as an
attempt by LSU2030 to compensate for the inability to respond in total to the stress.
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DR0346
DR1972

DR0101
DR0102
DR0309
DR0755
DR1309

DR2206

DRB0109

HYPOTHETICALS
hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical

DR1315
DR1954
DR2002
DR2003
DRC0024

PROTEIN FATE
ATP-dependent protease LA 4
ATP-dependent Clp protease,
proteolytic subunit ClpP

PROTEIN SYNTHESIS
ribosomal protein S18
ribosomal protein L9
elongation factor TU
ribosomal protein L19
ribosomal protein S20

METABOLISM/ENERGY
ACQUISITION
ribonucleoside-diphosphate
reductase, beta subunit
citrate lyase, beta subunit

Gene Name

DR #

Table 3.7. Genes more highly expressed
in LSU2030 than R1

3-5

0 Hour
Mean
Range
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4

3-4

0.5 Hour
Mean Range

4
4

4
4
4
4

3

4

4
4
3
4
4

3-4
3-4

3-5
4
4-5
3-4

3

3-5

3-5
4
3
3-4
3-6

1 Hour
Mean Range

DRC0004

DR0979
DRB0018
DRB0139

DR0255

DR1988

DR1185

DR0383

DRB0125

DRB0121

Table 3.7.
cont.

TRANSPOSASES
transposase, putative,
authentic frameshift
transposase, putative
transposase, putative
transposase, putative,
authentic frameshift
transposase, putative,
authentic frameshift

UNKNOWN
PhoH-related protein

OUTER STRUCTURES
S-layer-like array-related
protein
S-layer-like array-related
protein

TRANSPORT
iron ABC transporter, ATPbinding protein
iron ABC transporter,
periplasmic substrate-binding
protein
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4

4
3
4

3

3

3-4

3-4
3-4
3-4

3

3-4

3

6

4

3

3

3

5-7

4-5

3

3-4

Alternatively, the transcripts may become down-regulated in the wild-type upon longer
incubation, but not in the mutant. Neither of these alternatives can be entirely ruled out,
but the fact that the majority of these genes are most abundant at the one hour time point
and that there is some overlap with the R1 induction set suggests that these genes are
induced initially at wild-type levels in the mutant and that, perhaps, because of the
inability to effectively respond and repair damage caused by ionizing radiation
transcription of these genes remains stimulated relative to the wild-type.
III. Discussion
In an effort to further characterize the role of IrrE in D. radiodurans’ response to
stress, an IrrE defective strain, LSU2030, was evaluated for regulatory deficiencies.
Prompted by an earlier publication which reported that deinococcal recA was regulated
independent of the LexA repressor as seen in the SOS paradigm of other species,
LSU2030 was first evaluated for its ability to alter the transcription of recA by measuring
recA transcript in LSU2030 and R1 using Q-RT-PCR analysis. Q-RT-PCR
measurements were made for both recA and gap transcripts before and after exposure to
3000 Gy of ionizing radiation. LSU2030 exhibited a two-fold increase in recA transcript
following radiation exposure compared to an approximately 12-fold increase in recA
transcript abundance observed in R1, making it clear that IrrE did regulate recA
expression.
While the majority of prokaryotic species examined up-regulate recA expression
in response to DNA damage in a manner analogous to the RecA/LexA dependent SOS
response of E.coli (Figure 2.1) (133), there is precedent in species other than D.
radiodurans for LexA-independent control of recA expression. For instance, although
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Bacillus subtilis controls recA expression following DNA damage by the same
mechanism observed in E. coli; the competence transcription factor, ComK, can also
stimulate recA induction using the same promoter and in the presence of intact LexA (78,
79, 120). In contrast, recA transcript levels do not increase during competence in
Acinetobacter calcoaceticus, but do increase in a LexA- and RecA-independent fashion
following DNA damage (159). A similar phenomenon was also reported in a recent
investigation of Mycobacterium tuberculosis. Davis et al. demonstrated that although
recA expression is up-regulated in a RecA/LexA-dependent manner in this species’
response to stress, there is another distinct promoter from which recA expression is
stimulated that functions in the absence of LexA cleavage or RecA activation following
DNA damage (44). This suggests that in both M. tuberculosis and A. calcoaceticus there
are regulatory proteins other than LexA that function to regulate recA expression in a
stress dependent manner. However, the mechanism by which recA is regulated in these
species is still not known. To our knowledge, IrrE is the first protein identified that takes
part in an alternative, LexA-independent process of stress-induced transcriptional
regulation of recA. It may also be significant that a portion of a HTH containing
hypothetical protein from M. tuberculosis exhibited some homology to the IrrE protein.
Perhaps this mycobacterial protein also functions to regulate recA expression in this
species.
It has been known for some time that deinococcal cells lacking RecA exhibit
orders of magnitude lower transformation frequencies and are extremely sensitive to
ionizing radiation as they fail to repair radiation induced DNA dsbs (76). We
demonstrated in Chapter 2 that LSU2030 was also unable to perform DNA dsb repair
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(Figure 2.8), but was genetically transformed at frequencies comparable to that of an
irrE+, recA+strain (Table 2.1) suggesting that there was sufficient RecA within LSU2030
to carry out homologous recombination required for natural transformation. Yet, there
remains the formal possibility that levels of recA expression in un-induced cultures are
not sufficient to repair all of the DNA dsbs observed in irradiated cells and that
LSU2030’s inability to produce these requisite levels of RecA is what is responsible for
this mutant’s radio-sensitivity. However, this explanation makes it difficult to reconcile
LSU2030’s extreme sensitivity to relatively low doses of ionizing radiation; this mutant
is three orders of magnitude more sensitive to a 1000Gy dose (<40 DNA dsbs/ genome
copy) of ionizing radiation compared to R1 (Figure 2.6). Bonacossa de Almeida et al.
(21) determined that there are approximately 11,000 monomers of RecA in un-irradiated
deinococcal cells that increase only 4-fold when the cells are irradiated. Although the
abundance of RecA protein has never been quantified in LSU2030, it does not seem
reasonable that 11,000 RecA monomers, capable of carrying out homologous
recombination during natural transformation, are not sufficient to confer greater
resistance to LSU2030 at low levels of damage. This reasoning suggests that IrrE’s
function in D. radiodurans’ response to ionizing radiation extends beyond up-regulating
RecA protein numbers for recombination repair.
Prior to this study there had only been one published account that attempted to
characterize D. radiodurans’ global response to ionizing radiation exposure. Tanaka et
al. examined the differences in protein abundance in un-irradiated and irradiated
deinococcal cultures using 2-D gel electrophoresis (183). They reported that the intensity
of 22 spots changed when the cultures were irradiated relative to the pattern exhibited by
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the un-irradiated culture (183). However, the investigators were able to identify only one
of these proteins. We felt that in order to investigate whether the mutation in LSU2030
was imparting a defect on the cell’s ability to synthesize necessary repair components
other than RecA in D. radiodurans response to ionizing radiation we needed to
understand what response was required for wild-type survival. Fortunately, the advent of
rapid methods for DNA sequencing has opened the door to the development of largescale technologies like microarrays and high throughput mass spectrometry that now
enable investigators to look globally at a given cells transcriptome or proteome as the cell
responds to environmental shifts. The Institute for Genomic Research (TIGR) which
sequenced D. radiodurans’ genome also constructed D. radiodurans-specific microarray
chips by amplifying and arraying each individual orf from the genome onto slides the size
of those used for microscopes. As part of a collaborative effort with researchers at TIGR,
we were able to use these whole genome microarrays to simultaneously monitor the
relative mRNA abundance for every gene in deinococcal populations subjected to
changes in environmental conditions.
In this study we used the D. radiodurans DNA microarrays to investigate this
organism’s global gene expression during recovery from a sub-lethal dose of ionizing
radiation. Differences in transcript abundance were determined by directly competing
probes derived from RNA isolated from individual cell populations. Initially, we
compared exponential phase R1 cultures that were irradiated with un-irradiated cultures.
Eighty three genes, including recA and representing 2.6% of D. radiodurans’ predicted
transcriptome, responded with increased transcription throughout the 1 hour time course.
Although the responding genes included loci whose gene products are known to be
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involved in DNA repair, response to oxidative stress, gene regulation, metabolism and
protein fate, the most well represented category of induced genes were those of unknown
or unidentified character. These hypothetical genes are of particular interest since the
radio-resistance of D. radiodurans is difficult to explain given what we know of DNA
damage tolerance in other species. We also observed that less than 0.2% of the
transcriptome exhibited a decrease in abundance relative to the un-irradiated sample.
Once again hypothetical genes were the most well represented category identified among
the repressed transcripts. It will be interesting to see as more radio-resistant organisms
are sequenced whether any of these hypothetical genes are encoded within their genomes.
The deinococcal microarrays were then used to examine how D. radiodurans’
stress response was affected when IrrE was inactivated. The LSU2030 experiment was
conducted by comparing exponential phase R1 cultures and exponential phase LSU2030
cultures as they recovered from ionizing radiation. Forty-nine genes including recA were
more highly expressed in R1 throughout the time course than in LSU2030, and twenty
three of these overlapped with those identified as induced in the study of R1; the most
highly represented genes among the overlapping subset were either of unknown nature or
were implicated in DNA repair and stress response. This finding strongly suggests that
IrrE’s role in radio-resistance is global and involves specifically regulating a number of
genes involved in DNA repair and stress recovery.
One question left entirely unanswered in this analysis is how IrrE is able to
influence transcription of these stress induced loci. This novel 35kDa protein may
directly interact with regulatory elements at each locus stimulating their synthesis during
times of stress. Alternatively, IrrE could be part of a signal transduction pathway that
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relays the stress “signal” to those components that directly regulate these genes. While it
would appear that IrrE’s role in D. radiodurans’ stress response reaches beyond the
regulation of recA expression, a recent publication by Satoh et al. may offer an alternative
explanation for how low levels of RecA may directly contribute to the global loss in gene
induction seen in irradiated LSU2030. These investigators revealed that there are
phenotypic differences among recA alleles (168). They characterized two recA mutants
of D. radiodurans; both RecA424 and Rec670 were incapable of carrying out
homologous recombination, but RecA424 retained co-protease activity or the ability to
mediate the auto-proteolytic cleavage of the LexA repressor (168). Their analysis
revealed that RecA424 was considerably more resistant to ionizing radiation than
RecA670 (168), suggesting that RecA’s role as a co-protease was more important to D.
radiodurans observed radio-resistance than its role in homologous recombination. I
suggest LSU2030’s inability to increase the synthesis of RecA during times of stress may
prohibit activation of the SOS response in D. radiodurans. Insufficient levels of RecA
may result in insufficient cleavage of the LexA repressor and, therefore, genes under
LexA control would not become activated. The 26 genes that are not induced in
LSU2030 and are presumed to be regulated by IrrE may actually represent D.
radiodurans SOS regulon. Figure 3.7 is a modified version of Figure 3.1 that illustrates
this hypothesis. Chapter 4 describes our efforts to determine whether IrrE indirectly
controls D. radiodurans’ SOS response by examining the global transcriptional response
of GY10912, a lexA defective strain of D. radiodurans, before and after exposure to
ionizing radiation.
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Figure 3.7. Diagrammatic illustration of the SOS response in D. radiodurans.
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CHAPTER FOUR – GLOBAL EXPRESSION ANALYSIS OF GY10912: THE
LEXA AND IRRE REGULONS OVERLAP
I. Introduction
LexA is a member of a large family of structurally related proteins including the
bacteriophage repressors λ CI, P22 C2, φ80 CI (54, 169) and the mutagenesis proteins
MucA, ImpA and UmuD (13, 155). Members of this family interact with activated
RecA, which induces auto-proteolytic cleavage at a conserved peptide bond in their
amino termini. In times of stress, the RecA protein assumes its activated form as a
helical filament coating a single-stranded region of DNA that then interacts with this
family of proteins. LexA is a transcriptional repressor that controls the synthesis of
approximately 30 genes in E. coli. Cleavage of LexA results in the induction of these
genes in a process commonly known as the SOS response. The SOS response is a graded
response; as the stress persists more and more of the LexA repressor is cleaved resulting
in the induction of more tightly repressed genes. The D. radiodurans genome encodes a
homologue of LexA (DRA0344) that has 50% amino acid similarity and 34% amino acid
identity with the LexA repressor of E. coli. As discussed previously, deinococcal LexA
undergoes RecA mediated cleavage in vitro and is found in its cleaved state in whole cell
extracts of D. radiodurans exposed to ionizing radiation (147), suggesting that
deinococcal LexA is an important contributor to this species stress response, presumably
regulating genes necessary to overcome damage caused by ionizing radiation.
In an effort to determine those genes that are regulated by LexA in D.
radiodurans, global gene expression was monitored in GY10912, a lexA defective strain
of D. radiodurans R1, using microarray analysis. Under normal, un-stressed conditions
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146 transcripts were more abundant in GY10912 than in the wild-type strain suggesting
that a large fraction (4.6%) of D. radiodurans genome is regulated by this repressor.
However, only 31 genes from the LexA controlled gene set overlapped with the 83 genes
previously determined to be stress induced following exposure to ionizing radiation in
wild type R1. There is absolutely no overlap between the ‘classical’ SOS regulon of E.
coli and LexA controlled genes in D. radiodurans. When a 3,000Gy dose of ionizing
radiation is administered to GY10912 only four additional genes are induced including
recA. Since a LexA defect does not render D. radiodurans sensitive to ionizing radiation,
it is assumed that the cell only needs increased synthesis from these 35 loci: the 31 LexA
dependent loci and the four LexA independent loci. Loss of IrrE function, as seen in
LSU2030, prevented the induction of 15 of these 35 loci including those regulated
independently of LexA, suggesting that IrrE does not regulate loci exclusively through
RecA associated cleavage of LexA. These 15 genes, which include recA, may encode a
subset of proteins that are critical to D. radiodurans’ defense against ionizing radiation.
An increase in the abundance of these 15 transcripts is observed in the radio-resistant
strain GY10912, but not in the radio-sensitive strain LSU2030. Of the 15 loci identified
by this analysis, nine encode gene products of unknown function that may represent
novel proteins involved in DNA repair, specifically the repair of DNA double strand
breaks.
II. Results
A. The Expression of 146 Genes Is Affected When LexA Is Inactivated in D.
radiodurans
In order to identify those genes under LexA control in D. radiodurans, microarray
analysis was used to compare differences in transcript abundance in GY10912 (21), a
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lexA defective strain of D. radiodurans, and R1 under normal, un-stressed conditions.
GY10912, a fully radiation resistant strain, was kindly provided by Adriana Bailone and
Suzanne Sommer (Universite Paris-Sud, Orsay France) as a tool for this analysis.
GY10912 was constructed by inserting a kanamycin cassette into a unique restriction site
at the N-terminus of the LexA coding sequence in R1 (21). This insertion should render
GY10912’s LexA unable to bind its normal sites and, therefore, any gene normally under
LexA control should be de-repressed in this mutant. Probes derived from the RNA of untreated exponential phase cultures of R1 and GY10912 were hybridized to the
deinococcal microarray and analyzed as described in Chapter 3. Each probe pairing was
repeated with 3 different biological replicates and the results obtained from this analysis
are listed in Tables 4.1, 4.3 and 4.4. For inclusion in these tables a gene must have
exhibited differential expression in at least two of the three biological experiments.
Tables 4.1 and 4.3 provide the means of expression ratios for transcripts that were more
highly abundant in the GY10912 samples; these genes are presumed to be LexA
controlled. Table 4.4 lists those that were more highly abundant in the R1 samples.
These tables also provide a range for the expression ratios used to calculate each mean
value.
More than 140 genes were more highly expressed in GY10912 than in R1 during
un-stressed, exponential phase growth. The 105 genes in Table 4.1 and the 41 genes in
Table 4.3 are presumably controlled by the deinococcal LexA homologue as loss of LexA
binding coincides with elevated mRNA levels relative to the wild type organism. The
overwhelming majority of the genes more highly expressed in GY10912 have unknown
function (49%) while the remaining functional groups in Table 4.1 each contribute less
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6 (4-7)
9 (4-14)
5 (4-5)
4 (4-5)
4 (4-5)
6 (3-7)
4 (3-5)
3 (3)
8 (5-11)
6 (4-7)
3 (3)
11 (6-14)
4 (3-5)
5 (3-5)
4 (4)
4 (3-5)
4 (3-5)
11 (6-15)

HYPOTHETICAL
hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical
hypothetical

hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical

hypothetical
hypothetical

hypothetical
conserved hypothetical
conserved hypothetical

hypothetical
hypothetical

DR0003
DR0070
DR0094
DR0138
DR0219
DR0227

DR0253
DR0292
DR0326
DR0360
DR0375

DR0423
DR0438

DR0600
DR0625
DR0719

DR0746
DR0874

Table 4.1. Genes more highly expressed in GY10912
than R1 under normal, unstressed conditions
DR #
Gene Name
Mean
(Range)
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DR2202
DRC0036

DR0123
DR0340
DR0713

DR0715
DR1913
DR2085
DR2285
DRB0111

DRC0027
DRC0030
DRC0035
DRC0038
DRC0039

DR #

METABOLISM/
ENERGY ACQUISITION
phosphoribosyl-anthranilate isomerase
folyl-polyglutamate synthetase
lipopolysaccharide glycosyltransferase
putative
UDP-glucose 4-epimerase
oxidative cyclase, putative

6 (4-6)
5 (5-6)

5 (4-5)
4 (3-5)
5 (4-5)

4 (4)
6 (4-9)
5 (4-5)
6 (4-8)
5 (3-7)

5 (4-5)
9 (4-11)
4 (4-5)
4 (3-5)
5 (5-6)

hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical
DNA DAMAGE REPAIR/ STRESS
RESPONSE
G/U mismatch-specific DNA glycosylase
DNA gyrase, subunit A
glutaredoxin, putative
A/G specific adenine glycosylase
glycerophosphoryl diester
phosphodiesterase

Mean
(Range)

Gene Name

5 (5)
3 (3-4)
3 (3)
9 (4-13)
4 (3-7)
8 (3-11)
3 (3)
3 (3-4)
6 (4-8)
8 (4-13)
3 (3)
11 (5-18)
5 (3-6)
4 (4)
4 (3-5)
4 (3-5)
4 (3-5)
3 (3)
5 (4-6)
4 (4-5)
5 (4-5)
5 (4-7)
3 (3)

conserved hypothetical
conserved hypothetical
hypothetical

hypothetical
hypothetical
conserved hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical

conserved hypothetical
conserved hypothetical
conserved hypothetical
hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
conserved hypothetical
hypothetical

DR0893
DR1119
DR1143

DR1190
DR1197
DR1263
DR1552
DR1660
DR1761
DR1813

DR1959
DR1965
DR1980
DR2073
DR2106
DR2382
DR2425
DR2427
DR2436
DR2441
DR2455
DRA0017
DRA0046

Table 4.1.
cont.
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3 (3)
10 (4-14)

DR0606
DR1114
DR0095
DR2107

4 (4-5)
5 (4-7)

PROTEIN FATE
chaperonin
heat shock protein, HSP20 family
TRANSPORT
ABC transporter
ABC transporter, ATP-binding prot.,
Ycf16 family

4 (3-7)
4 (4-5)
4 (3-4)

4 (3-7)
6 (4-7)
4 (4)
6 (4-6)
5 (3-6)
10 (5-17)
3 (3-4)

8 (7-10)

DR1624
DR2043
DR2578

REGULATION
competence protein ComEC/Rec2related protein
nitrogen regulatory protein P-II
transcriptional reg., FNR/CRP family
cinA protein
transcriptional reg., HTH_3 family
transcriptional regulator, MarR family
glycerol-3-phosphate regulon repressor
sensor histidine kinase, Cu metabolism,
putative
PROTEIN SYNTHESIS
RNA helicase, authentic frameshift
ribosomal protein L7/L12
queuine tRNA ribosyltransferase

DR0692
DR0997
DR2338
DR2574
DRA0248
DRB0076
DRB0090

DR0361

8 (5-10)
5 (4-6)
4 (4)
4 (3-4)
4 (3-4)
3 (3-4)
5 (4-6)
5 (4-7)
4 (3-4)
4 (4-5)
6 (4-7)
4 (4)
7 (5-9)
7 (5-8)
5 (3-6)
3 (3-4)
5 (3-8)
5 (4-6)
10 (5-13)

hypothetical

hypothetical

hypothetical

conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

hypothetical

hypothetical

conserved hypothetical
conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

DRA0056

DRA0074

DRA0103

DRA0304
DRA0346
DRA0369
DRB0004
DRB0021
DRB0060

DRB0068

DRB0142

DRC0006
DRC0010
DRC0014
DRC0015
DRC0016
DRC0023
DRC0024
DRC0026

Table 4.1.
cont.
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DR0659
DRA0057
DRA0297
DRB0141
DRB0143
DRC0037

DRC0025

DRC0013

DR0012
DR0549
DRA0001

DRB0083

DR2379

DR2120

DR2118

UNKNOWN
frnE protein
TerF-related protein
GGDEF family protein
HicB-related protein
McrB-related protein
nodulation protein-related protein

CELL DIVISION
chromosome partitioning protein
replicative DNA helicase
chromosome partitioning ATPase,
putative, ParA family
N-acetylmuramoyl-L-alanine amidase,
putative
chromosome partitioning ATPase,
putative, ParA family

branched-chain amino acid ABC
transporter
branched-chain amino acid ABC
transporter.
ABC transporter, ATP-binding prot.,
MsbA family
potassium-transporting ATPase, B subunit

5 (3-6)
4 (3-4)
6 (5-8)
6 (4-7)
9 (4-17)
4 (3-4)

14 (7-20)

5 (3-7)

5 (4-8)
3 (3-4)
4 (3-5)

5 (3-6)

5 (4-7)

7 (6-8)

6 (4-7)

than 6% to the total number. The only other highly represented group among these genes
is the transposases listed in Table 4.3. The transposases, discussed in more detail later,
comprise 28% of the total number of genes presumed to be LexA regulated.
Surprisingly, there is absolutely no overlap between the ‘classical’ SOS regulon of E. coli
and LexA controlled genes in D. radiodurans since none of the genes listed in Tables 4.1
or4.3 have been determined to be LexA controlled in E. coli. Among different species of
bacteria the SOS regulon does vary, however, in previous studies there has always been
some overlap between regulon constituents and the E. coli paradigm (43, 184, 206)
especially with respect to recA and lexA stimulation.
These dissimilar results suggest one of two intriguing possibilities: 1) the stress
response exhibited by D. radiodurans is completely different from that of other
characterized species or 2) genes controlled by LexA in D. radiodurans are not involved
in its stress response. The ionizing radiation induction dataset of R1 discussed in Chapter
3 revealed that D. radiodurans does up-regulate proteins that are part of stress responses
in other species including those involved in nucleotide excision repair and RecA,
eliminating the former possibility. Figure 4.1 illustrates the overlap between the R1
induction dataset from Chapter 3 (blue) and the genes more highly expressed in
GY10912 (yellow). This comparison reveals that there is a subset of genes that are both
up-regulated in response to ionizing radiation exposure and when the LexA repressor is
inactivated in an un-treated culture. This overlap indicates that, as expected, LexA derepressed loci are involved in D. radiodurans’ inducible response to ionizing radiation.
The 31 genes that overlap in Figure 4.1 presumably represent the ‘SOS’ regulon of D.
radiodurans and are highlighted in Tables 4.1 and 4.3 and listed in Figure 4.3. The lack
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of overlap for a substantial number of LexA controlled genes also suggests that these loci
are not all necessarily involved in D. radiodurans response to ionizing radiation.

LexA de-repressed
dataset

115

R1 induction
dataset

31

52

Figure 4.1. Comparison of genes more highly expressed in GY10912 than R1 under
normal conditions (yellow) with the genes induced in R1 following exposure to ionizing
radiation (blue) described in Chapter 3. The region of overlap represents the number of
transcripts that these two datasets have in common. This overlapping set of genes is
bolded in Table 4.1 and listed in Figure 4.3.
Figure 4.2 illustrates how the differentially expressed genes in the R1 and
GY10912 datasets compare within functional categories and Figure 4.3 provides the
identities of these overlapping genes. Of the 71 LexA controlled genes that encode
proteins with unknown function, only 15 appear to be part of D. radiodurans’ response to
ionizing radiation and include the most highly induced hypothetical transcripts discussed
in Chapter 3. Of the remaining 74 LexA controlled genes whose functions have been
putatively assigned in TIGR’s annotation of the genome, 16 overlap with the R1
induction dataset and include only one gene that could be implicated in DNA damage
repair. The other genes shared in these datasets include five genes that encode regulatory
proteins, a gene encoding a protein involved in protein fate and nine genes that encode
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9

Transposase

32

Hypothetical

13

1

18

5

1

Transport

Protein
Synthesis

1

6

2

RNA
Processing

4

Unknown
Function

2

Protein Fate

1

Regulation

3
1

10

Metabolism/
Energy Acquisition

9

DNA Repair/
Stress Response

5
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Figure 4.2. Functional group comparisons of genes more highly expressed in GY10912 than R1 under normal conditions (yellow) and
genes induced in R1 following exposure to ionizing radiation (blue) described in Chapter 3. The regions of overlap represent the
number of transcripts among each functional group that these two datasets have in common. This overlapping set of genes is
identified in bold typeface in Table 4.1 and listed in Figure 4.3.
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Genes more highly expressed in
un-irradiated GY10912 than un-irradiated R1
Genes more highly expressed in irradiated
R1 than un-irradiated R1

Protein
Fate

Hypothetical

DR1114
heat
shock
prot.,
HSP20
fam.

DR0003 hypothetical
DR0070 hypothetical
DR0219 hypothetical
DR0227 hypohetical
DR0326 hypothetical
DR0423 hypothetical
DR0438 hypothetical
DR1143 hypothetical
DR1263 conserved hypothetical
DR2073 hypothetical
DR2441 hypothetical
DRA0346 hypothetical
DRB0142 hypothetical

Regulation
DR0361 competence prot.
ComEC/Rec2-rel. prot.
DR0692 nitrogen reg. prot. P-II
DR0997 transcript. reg., FNR/
CRP fam.
DR2338 cinA protein
DR2574 transcript. reg.
HTH_3 fam.

Unknown
DR0659 frnE prot.
DRB0141 HicB-rel. prot.

Transposase

DR0178 transposase, put.
DR0667 transposase, put.
DR0870 transposase, put.
DN
DNA DR0979 transposase, put.
Repair/ DR1382 transposase, put.
Stress DR1592 transposase, put.
Response DR1932 transposase, put.
DR2323 transposase, put.
DR1913
DR2324 transposase, put.
DNA gyrase,
sub. A

Figure 4.3. Identities and functional arrangement of genes that overlap in the GY10912
and R1 analyses illustrated in Figure 4.1. Hypothetical genes represent 42% of the total
number of overlapping genes, transposases represent 29%, regulatory genes represent
16% while genes involved in protein fate and DNA repair represent 3% and unknown
genes represent 7% of this total number.
transposases (Figure 4.3). Based on the minimal overlap between these two datasets it
appears that 1) LexA de-repression is not responsible for the increases in transcription
observed for the majority of ionizing radiation induced genes in D. radiodurans and 2)
LexA does not control obvious DNA repair or stress response related genes in D.
radiodurans. However, there is the formal possibility that the deinococcal LexA
repressor indirectly controls transcription of additional stress induced loci through the
regulation of other stress specific regulatory elements. Eight of the genes in Table 4.1 are
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annotated as being involved in regulation. Induction of these regulatory elements may be
essential for downstream activation of other genes observed in the R1 induction dataset,
but these inducible genes are only stimulated in the presence of an additional activating
element specific for a stress (i.e., ionizing radiation induced damage to the cell). It would
be instructive to see how the transcriptome would change before and after ionizing
radiation exposure in a strain lacking one or more of the putative regulators listed in
Table 4.1.
The limited overlap between transcripts observed in the LexA defective strain,
GY10912, and the R1 induction dataset suggested two possibilities: 1) that the 115 loci
induced were not under LexA control and their appearance is an indirect effect of the loss
of LexA, or 2) these transcripts are derived from bona fide LexA controlled loci, but we
do not see these loci in wild type cells exposed to 3000 Gy ionizing radiation. The
second possibility must be considered because the SOS response in other species is a
graded response. The LexA repressor binds to operator sites with different affinities; the
amount of damage dictates how many genes are fully de-repressed. The 3,000 Gy dose
of ionizing radiation administered to R1 in our initial study may not have been sufficient
to observe increased transcription for all of the SOS regulon constituents. To address this
issue exponential phase R1 cultures were either given a 5,000 Gy or 7,500 Gy dose of
ionizing radiation and examined for changes in transcript abundance with the deinococcal
microarrays as previously described. The ratios obtained for these two datasets are
compiled in Table 4.2; transcripts that were also more highly abundant following the
3,000 Gy dose are indicated in bold typeface within the table. If the SOS response of D.
radiodurans is dose dependent beyond a 3,000 Gy dose then there should be a difference
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4
3
10
3

hypothetical
conserved
hypothetical
hypothetical

hypothetical
hypothetical

conserved hypothetical

hypothetical

conserved hypothetical
hypothetical

DR0052
DR0053

DR0227
DR0253

DR0292

DR0326

DR0357
DR0404

DR0219

3

conserved hypothetical

DR0049

8

5

11

hypothetical

DR0003

HYPOTHETICALS

Table 4.2. Genes more highly expressed in R1
cultures irradiated at 5,000 Gy and 7,500 Gy of
ionizing radiation than in R1 un-irradiated
cultures
DR #
Gene Name
Ratio
following
5,000Gy

8

12

4

5

3
4

4

Ratio
following
7,500Gy

111

DR2574

DR0692

DRA0339

DR1890
DR2195

DR1629

DR1016

DR #

REGULATORY
PROTEIN
nitrogen regulatory protein
P-II
transcriptional reg.,
HTH_3 family

METABOLISM/ENERGY
ACQUISITION
thiophene and furan
oxidation protein
c-di-GMP phosphodiesterase
A
oxidoreductase, putative
alpha-glucan
phosphorylase, putative
tryptophan 2,3-dioxygenase,
putative

Gene Name

8

4

3
5

Ratio
following
5,000Gy

5

4

8

4

4

3

Ratio
following
7,500Gy

4

hypothetical
hypothetical
hypothetical
conserved
hypothetical
hypothetical

hypothetical

hypothetical

DR1083
DR1142
DR1143
DR1263

DR1370

DR1439

DR1264

4

4

8

8

4

hypothetical

DR0839

DR0504
DR0600
DR0818
3
3

11
4

hypothetical
hypothetical
hypothetical
conserved
hypothetical
conserved hypothetical
hypothetical
hypothetical

DR0421
DR0423
DR0438
DR0491

Table 4.2.
cont.

6

5

4
4
5

6

4
6
5
3
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DRA0320

DR2277

DR2118

DR1440

DR1986

DR1114

DR0189

DR0101
DR0717
DR0825
DR2129

TRANSPORT
cation-transporting
ATPase, auth. Frameshift
branched chain amino acid
ABC transporter, ATPbinding protein
amino acid ABC transporter,
permease protein
urea/short-chain amide ABC
transporter, periplasmic
urea/short-chain amidebinding protein

PROTEIN FATE
thiol:disulfide interchange
protein
heat shock protein, HSP20
family
degV protein

PROTEIN SYNTHESIS
ribosomal protein S18
leucyl aminopeptidase
ribosomal protein L31
ribosomal protein L17

3

7

3

4

3

3

3

6

3

5

4

4
3
4

hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

DNA DAMAGE
REPAIR/STRESS
RESPONSE
Holliday junction
resolvase
Holliday junction
DNA helicase

DR2073
DR2099
DR2414
DR2441
DR2475
DR2563
DRA0070
DRA0346
DRA0351
DRB0100
DRB0142

DR0440

DR0596

3

hypothetical

DR1870

4

5

7

3

3
3
4
5

3
3

hypothetical
hypothetical
hypothetical

DR1465
DR1803
DR1845

Table 4.2.
cont.

5

4

5
6
4
3
5

3

4

4

113

DR1933

DR1932

DR0178
DR0666
DR0667
DR0979
DR1382
DR1592

DR0659
DRB0141

DRA0290

DR2444

DR1430

transposase, putative

transposase, putative

TRANSPOSASES
transposase, putative
transposase, putative
tranposase, putative
tranposase, putative
transposase, putative
transposase, putative

UNKNOWN
frnE protein
HicB-related protein

OTHER
metallo-beta-lactamaserelated protein
nucleic acid-binding protein,
putative, HRDC family
cell division protein FtsH

7

7
7
6

4

7

3

4

5

4
4
5
6
9

4
7

3

4

DR2340
DRB0092

DR2275

DR2224

DR2217

DR1913

DR1771

DR1262

Table 4.2.
cont.

ribonucleotide Ro/SSA-related protein
exinuclease ABC ,
subunit A
DNA gyrase, subunit
A
tellurium resistance
TerE
tellurium resistance
TerZ
exinuclease ABC,
subunit B
recA protein
DNA-binding stress
response prot., Dps
family
3
6

4

3

3

5

3

4

3

3

4

6
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DR2324

DR2323
transposase, putative

transposase, putative

7

4

6

in the transcripts observed for these two sets of data and the R1 induction dataset
described in Chapter 3, especially as it relates to the LexA de-repressed set of genes.
Although these experiments were only performed once, the data revealed that D.
radiodurans’ stress induced profile does not change considerably at these higher doses.
Of the 56 genes induced in the 5,000 Gy dataset 66% were also induced at 3,000 Gy and
only an additional three genes from this list were found to be LexA controlled. Of the 64
genes induced in the 7,500 Gy dataset, 70% were also induced at 3,000 Gy and there
were no additional LexA controlled representatives among this list. D. radiodurans’
response to ionizing radiation does not appear to change appreciably between a 3,000 Gy
sub-lethal dose of ionizing radiation and a 7,500 Gy dose that is near the D37 dose for this
species. Based on these results it seems likely that the 115 transcripts that do not overlap
with the R1 induction dataset are not induced in response to ionizing radiation-induced
damage, but are instead an indirect consequence of inactivating LexA.
B. Loss of LexA Binding Results in Increased Transcription of a Large Number of
Transposases
One striking feature of global gene expression in GY10912 is the increase in
transcription observed for a large number of loci involved in transposition. Table 4.3
provides a list of transposases and resolvases whose expression was higher in GY10912
under normal conditions than in R1. Sixty five percent of those genes annotated as being
involved in transposition in the D. radiodurans genome are represented in this table.
This strongly suggests that LexA is controlling the expression of these mobile elements.
It is tempting to speculate on the significance of this finding, but as discussed in Chapter
3 it is currently impossible to know for certain whether all of these transposases are
undergoing the observed increases in transcription. However, there is precedent for this
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6 (3-8)
6 (5-7)

transposase, putative
transposase, putative

DR1618
DR1652

116

DRB0134
DRB0139

DRB0120

DRB0117

4 (3-5)
11 (8-13)

DR1592

DR1523

DRB0057
DRB0058
DRB0059
DRB0102
DRB0103
DRB0113

DRB0056

7 (4-8)
8 (6-10)
8 (6-11)
7 (6-7)
8 (7-9)
6 (4-8)

7 (5-10)

DRB0020

DRB0018
DRB0019

9 (3-12)
5 (3-8)
7 (4-10)

DRB0005

DR #

9 (4-12)

transposase, putative
transposase, putative
transposase, putative
transposase, putative
transposase, putative
transposase, putative, auth.
frameshift
transposase, putative, auth.
frameshift
transposase, putative

transposase, putative, auth.
frameshift
transposase, putative

TRANSPOSASE
transposase, putative, auth.
frameshift
transposase, putative
transposase, putative

DR0870
DR0979
DR1196
DR1334
DR1382
DR1453

DR0667

DR0255

DR0144
DR0178

DR0141

Table 4.3. Transposases more highly expressed in
GY10912 than R1 under normal conditions
DR #
Gene Name
Mean
(Range)

transposase, putative, auth.
frameshift
transposase, putative
transposase, putative, auth.
frameshift

transposase, putative, auth.
frameshift
transposase, putative
transposase, putative
transposase, putative
transposase, putative
transposase, putative
transposase, putative, auth.
frameshift
transposase, putative

transposase, putative
transposase, putative, auth.
frameshift
transposase, putative

transposase, putative

Gene Name

10 (9-12)
9 (6-11)

7 (5-9)

11 (4-17)

13 (7-17)
5 (4-6)
5 (3-6)
12 (4-20)
5 (3-6)
5 (4-6)

6 (4-6)

10 (4-13)

6 (4-7)
5 (4-5)

12 (6-17)

Mean
(Range)

4 (3-4)
7 (5-8)
7 (5-8)

transposase, putative
transposase, putative
transposase, putative

transposase, putative
resolvase putative

DR1927
DR1932
DR2323

DR2324
DRA0254

3 (3)
4 (4-5)

3 (3-4)

resolvase

DR1760

Table 4.3.
cont.
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DRC0033

DRC0005
DRC0029
DRC0032

DRC0004

transposase, putative, auth.
frameshift
resolvase
transposase, putative
transposase, putative, auth.
frameshift
transposase, putative

7 (4-9)

4 (3-6)
11 (9-14)
13 (6-17)

8 (5-10)

phenomenon in Mycobacterium tuberculosis lending credence to our observations. Davis
et al. (43) analyzed the M. tuberculosis genome sequence for putative LexA binding sites
and tested these sites for DNA damage induction using mycobacterial microarrays. To
their surprise, nearly half of the loci (7 of 15) controlled by the LexA repressor were
members of the 13E12 repeat family which possess characteristics similar to those of
mobile elements (43). Although they do not elaborate on the subject, the authors posit
that these elements may have ‘tapped’ into this regulatory network to monitor and
respond to cellular stress. However, in the case of D. radiodurans, it is difficult to
imagine that these ‘mobile’ elements are actually becoming activated. Their movement
would certainly result in some level of cellular lethality as insertions would invariably
occur in essential genes at some frequency. Nine of the genes in Table 4.3 are also
induced in the R1 induction dataset described in Chapter 3, but there is no evidence of
lethality at the 3,000 Gy dose administered.
C. Thirty Genes Are More Highly Expressed in R1 than in GY10912 Under Normal
Un-stressed Conditions
Thirty genes are more highly expressed in an R1 exponential phase culture than in
a GY10912 exponential phase culture under normal, un-stressed conditions. Over half of
the transcripts in Table 4.4 encode hypothetical proteins so determination of their
significance cannot be made. Eight of the remaining transcripts are implicated in
membrane transport and production of the S-layer, a proteinaceous outer structure that
surrounds the wild-type organism. In addition, only one transcript from each of the five
remaining categories is more highly expressed in the wild-type organism. The relatively
low number of genes listed in Table 4.4 suggests that GY10912 cultures, although slow
growing, are probably not metabolically hampered and that most housekeeping genes are
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4 (3-7)
6 (4-6)
6 (4-7)
4 (4)
4 (3-5)
4 (4)
4 (3-4)
4 (4-5)
8 (4-10)
6 (6)
4 (4)
5 (4-6)
3 (3-4)
4 (4-5)
4 (3-5)

conserved hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

conserved hypothetical

conserved hypothetical

hypothetical

hypothetical

hypothetical
hypothetical
hypothetical
conserved hypothetical

DR0025
DR0105
DR0644
DR0969
DR1135
DR1388
DR1768

DR1919

DR2143

DR2309

DR2318

DR2319
DR2414
DR2517
DR2596

HYPOTHETICAL

Table 4.4. Genes more highly expressed in R1 than
GY10912 under normal, unstressed conditions
DR #
Gene Name
Mean
(Range)

119

DR0379
DR0383

DR1290

DR1038

DR0958

DR0788

OUTER STRUCTURES
outer membrane protein
S-layer-like array-related protein

TRANSPORT
peptide ABC transporter, periplasmic
peptide-binding protein, putative
branched chain amino acid ABC
transporter, periplasmic amino acid
binding protein
peptide ABC transporter, permease
protein
branched chain amino acid ABC
transporter, periplasmic amino acid
binding protein
extracellular solute binding protein,
family 5

4 (3-4)
6 (5-7)

4 (3-5)

6 (5-6)

4 (4-5)

5 (4-5)

4 (3-5)

4 (4)

PROTEIN SYNTHESIS
ribosomal protein S11

DR2126
DR0363

5 (4-7)

Mean
(Range)

DR0791

Gene Name
METABOLISM/
ENERGY ACQUISITION
chloride peroxidase, putative

DR #

DR1459

DR2263

DRA0190
DRB0037

Table 4.4.
cont.

PROTEIN FATE
serine protease, subtilase
family

DNA REPAIR/
STRESS RESPONSE
DNA-binding stress response
protein, Dps family

hypothetical
hypothetical

7 (5-7)

4 (3-5)

3 (3-4)
4 (3-5)

4 (3-4)

OTHER
osteoblast specific factor 2-related protein

DR0399

120

5 (3-10)

S-layer-like array-related protein

DR1115

expressed at levels equal to those in R1. This observation supports the idea that genes
more highly expressed in GY10912 (Table 4.1) are actually directly influenced by the
loss of LexA binding and not because the cell fails to perform other cellular processes.
D. The Transcription of a Small Subset of Genes Increases in GY10912 Following
Exposure to 3,000Gy of Ionizing Radiation
Since GY10912 is as resistant as the wild-type strain to ionizing radiation, we
wanted to know whether constitutive expression of the 22 genes that overlap with the R1
induction dataset was sufficient to confer GY10912’s observed radio-resistance or was it
necessary for this strain to increase the synthesis of additional proteins to facilitate the
repair of damage caused by the stress. In an effort to address this question GY10912
exponential phase cultures were irradiated to a final dose of 3,000 Gy and RNA was
isolated immediately after irradiation and 0.5 hour post irradiation as previously
described. Probes derived from these RNA isolations were mixed with probes derived

Table 4.5. Genes more highly expressed
in GY10912 post 3kGy than GY10912
under normal conditions
DR #
Gene Name
DR0003
DR1142
DRA0346

DR0596
DR0906
DR2340

HYPOTHETICAL
hypothetical
hypothetical
hypothetical
DNA DAMAGE REPAIR
PROTEINS
Holliday junction DNA
helicase
DNA gyrase, subunit B
recA protein
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0 hour

0.5 hour

4 (3-4)
4 (3-4)
4 (3-5)

4 (3-4)

4 (3-4)

3 (3)

4 (3-4)
5 (4-5)

3 (3-4)
3 (3-4)

3 (3-4)

from un-irradiated GY10912 cultures and hybridized to the deinococcal microarray
slides. A summary of these analyses are listed in Table 4.5.
Only six genes are induced in GY10912 at the time points examined following
exposure to a 3,000 Gy dose of ionizing radiation. The overlap between this dataset (red
circle), the transcripts observed in the un-irradiated LexA defective dataset (yellow
circle), and the R1 induction dataset (blue circle) is depicted in Fig. 4.4. Every gene in
Table 4.5 is also present in the R1 induction dataset described in Chapter 3 indicating that
this LexA defective strain can and does activate other stress response pathways following
ionizing radiation

LexA de-repressed
dataset

115

R1 induction
dataset

29

47
2

Co-regulated
genes

4

Genes induced in GY10912’s
response to 3,000 Gy

Figure 4.4. Comparison of genes more highly expressed in GY10912 than R1 under
normal conditions (yellow), genes induced in R1 following exposure to ionizing radiation
(blue) and genes that are induced in GY10912 following exposure to 3,000 Gy (red).
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Not surprisingly, recA is among the genes in Table 4.5 reiterating what was already
described in this species, recA is induced upon exposure to ionizing radiation, but its
expression is not under LexA control (21, 147). The only other characterized
constituents of this list are the ruvB homologue and a subunit of the DNA gyrase which
are responsible for the movement of recombination intermediates and maintenance of
DNA supercoiling, respectively. The three remaining transcripts have no strong match to
proteins in current databases.
Two genes that were already more highly expressed in GY10912 under normal
conditions are induced even higher when these cells are irradiated. The two hypothetical
genes, DR0003 and DRA0346, appear to be co-regulated; the lack of LexA alone is not
sufficient to fully de-repress their transcription. The additional transcription of DR0003
and DRA0346 could be initiated in two ways. A second repressor at these loci may be
modified upon irradiation or, alternatively, some stress-induced or stress-modified
activating factor may interact with the promoters of these genes to stimulate their
transcription.
E. IrrE Appears to Also Regulate LexA Controlled Genes
IrrE is a positive regulator of D. radiodurans stress response that was described in
Chapter 3. LSU2030, irrE::TnDrCat, exhibits extreme sensitivity to ionizing radiation
and is incapable of inducing a large fraction of genes that were shown to increase in R1’s
response to ionizing radiation exposure including recA. Although recA is not controlled
by the LexA repressor, LexA is only cleaved following ionizing radiation when RecA is
present within the cell. The impetus for studying GY10912 was to determine whether
loss of IrrE affected the up-regulation of D. radiodurans’ LexA controlled regulon due to

123

LSU2030’s inability to up-regulate recA levels. If this is true the 23 genes that did not
achieve wild-type levels of transcription in LSU2030 (Figure 3.6) during its recovery
from radiation should overlap with the 31 LexA-controlled genes in R1’s response to
ionizing radiation. Figure 4.5 illustrates the overlap between datasets; the yellow circle
represents the subset of genes de-repressed in the un-irradiated LexA defective strain
GY10912, the blue circle represents the R1 induction dataset, the red circle represents the
genes that were induced in GY10912 following ionizing radiation and the gray circle
represents the 23 genes from the LSU2030 analysis described in Chapter 3 that were not
expressed at wild-type levels following ionizing radiation exposure and that overlapped
with the R1 induction dataset.

LexA de-repressed
dataset
115

20

R1 induction
dataset
39

9

8
2

4

Genes not induced in LSU2030
relative to R1 following 3,000 Gy

Figure 4.5. Comparison of genes more highly expressed in GY10912 than R1 under
normal conditions (yellow), genes induced in R1 following exposure to ionizing radiation
(blue), genes that are induced in GY10912 following exposure to 3,000 Gy (red) and
genes not induced in LSU2030 following exposure to ionizing radiation (gray).
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The LSU2030 dataset does not perfectly overlap with the GY10912 analyses
suggesting that our initial hypothesis was probably not entirely correct. IrrE cannot
regulate loci solely through RecA-LexA interactions as it affects genes that are not only
LexA regulated, but those that are regulated independently of LexA as well. Nineteen
genes that appear to be under LexA control in R1’s response to ionizing radiation are not
affected by IrrE inactivation suggesting that LexA is cleaved, de-repressing these loci in
LSU2030. Furthermore, IrrE inactivation affects 12 loci that do not appear to be LexA
regulated in our analysis; three of these loci are up-regulated in an irradiated LexA
defective cell. In fact, IrrE seems to exert control on loci at each level of our analysis:
genes that are LexA regulated, co-regulated in GY10912’s response to ionizing radiation,
genes that are regulated in a LexA independent manner in GY10912’s response to
ionizing radiation and genes that are apparently not induced in GY10912’s response to
ionizing radiation. IrrE could potentially represent the additional activating factor
required for induction of the two genes that were defined as co-regulated in the analysis
of irradiated GY10912; these genes were more highly expressed in the un-irradiated
GY10912 than in R1, but were induced even higher when GY10912 was irradiated. This
suggests that IrrE may function as an activator or as part of some signaling pathway that
functions independently of LexA and/or in conjunction with LexA to regulate D.
radiodurans’ response to ionizing radiation.
F. The Fifteen Genes that Overlap Between the GY10912 and LSU2030 Analyses
May Include Genes Whose Induction Is Most Critical to D. radiodurans Response to
Ionizing Radiation
Satoh et al. (168) previously reported that RecA’s ability to induce LexA cleavage
was more important to D. radiodurans’ survival following ionizing radiation than its
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ability to promote homologous recombination. This strongly indicated that the induction
of LexA controlled genes was critical to D. radiodurans’ response to this stress. Hence,
an additional and potentially significant argument may also be made from the results
illustrated in Fig. 4.5. First, if it is assumed that the 115 genes more highly expressed in
GY10912 under un-stressed conditions are not involved in D. radiodurans’ response to
ionizing radiation because of the lack of overlap with the R1 induction dataset, then those
inductions responsible for GY10912’s radio-resistance must lie within the 35 genes that
do overlap (31 LexA controlled and four controlled independent of LexA in GY10912’s
response to ionizing radiation). Second, among these 35 genes, 15 are not induced when
the radiosensitive strain LSU2030 is irradiated. It can be argued that this overlapping
subset of 15 genes encodes gene products that are necessary for D. radiodurans’ response
to ionizing radiation. Although this is nothing more than an inference based on
overlapping datasets, at the very least, this overlap provides a good starting point for the
targeted investigation of genes that may enable D. radiodurans to survive such extreme
doses of ionizing radiation.
The fifteen overlapping genes of interest are listed in Table 4.6 and are organized
into categories based on their relationship with GY10912: constitutively expressed, coregulated or induced in a LexA independent manner. Values for the mean ratio and range
are given for each gene from four separate experiments including the wild type and
LSU2030 studies discussed in Chapter 3 and the two GY10912 studies discussed in this
chapter. Data was taken from the 0 hour time point post irradiation for comparison. The
most striking and exciting aspect of these results is that nine of the fifteen genes listed
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here are of unknown function and, therefore, could potentially represent completely novel
repair and stress response proteins.

Table 4.6 Fifteen genes defined in the overlap analysis of R1, GY10912 & LSU2030
DR #

Gene Name

R1 IR/ R1
norm

R1 IR/
GY10912
GY10912 IR/
LSU2030
norm/ R1
GY10912
IR
norm
norm
Genes that are constitutively expressed in GY10912
hypothetical
13 (4-27)
39 (22-53)
9 (4-14)
-DR0070
hypothetical
12 (6-26)
33 (29-41)
8 (5-11)
-DR0326
hypothetical
18 (7-50)
62 (52-80)
11 (6-14)
-DR0423
hypothetical
5 (4-8)
9 (4-13)
3 (3)
-DR1143
DNA gyrase A
13 (4-17)
4 (3-5)
6 (4-9
-DR1913
hypothetical
5 (3-7)
7 (6-9)
4 (4)
-DR2073
5 (3-9)
11 (8-13)
4 (4)
-cinA
DR2338
hypothetical
9 (4-15)
6 (5-6)
4 (4-5)
-DR2441
8 (3-14)
22 (20-24)
6 (4-6)
-transcriptional
DR2574
regulator,
HTH_3
Genes that are LexA regulated and induced in GY10912’s response to 3,000 Gy
ionizing radiation
hypothetical
12 (6-36)
22 (16-25)
6 (4-7)
4 (3-4)
DR0003
15 (6-20)
16 (10-20)
4 (3-4)
4 (3-5)
DRA0346 hypothetical
Genes that are induced independent of LexA in GY10912’s response to 3,000 Gy of
ionizing radiation
hypothetical
5 (4-8)
8 (3-11)
-4 (3-4)
DR1142
11 (6-15)
16 (14-20)
-4 (3-4)
Holliday
DR0596
junction DNA
helicase ruvB
DNA gyrase B
8 (6-13)
3 (3-5)
-4 (3-4)
DR0906
7 (4-14)
16 (12-19)
-5 (4-5)
recA
DR2340
Three of these genes (DR0596, DR2338 and DR2340) have already been
inactivated in the wild-type D. radiodurans cell by other laboratories. DR0596 encodes a
RuvB homologue and as described in Chapter 3. Inactivation of this locus does sensitize
the cell to ionizing radiation, but not severely (102). Only radiation doses beyond those
necessary to observe D. radiodurans’ shoulder of resistance results in a reduction in cell
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survival. This indicates that RuvB activity is either not critical in the cell’s survival
following ionizing radiation or, alternatively, that there is functional redundancy within
the cell that can compensate for RuvB’s loss. DR2338 encodes the CinA homologue
discussed in Appendix B. Deletion of this locus from the cell has no effect on D.
radiodurans’ ability to grow or survive ionizing radiation exposure suggesting that CinA
is not a requisite part of D. radiodurans’ stress response (21). The appearance of cinA
among this list could be a consequence of its arrangement within an operon containing
recA. However, these data suggest that this operon may, in fact, be under multiple
controls; cinA appears to be under LexA control while recA is not. Inactivation of
DR2340, the deinococcal recA gene, greatly sensitized this species to ionizing radiation
exposure indicating its significance in the radio-resistance exhibited by D. radiodurans
(76).
III. Discussion
We used microarray analysis to examine the global expression of GY10912, a
LexA defective strain of D. radiodurans, under normal, un-stressed conditions and after a
3,000 Gy dose of ionizing radiation. GY10912 is a fully radiation resistant strain of D.
radiodurans that was constructed and kindly provided by Suzanne Sommer’s laboratory
at the Universite Paris-Sud in France for our analysis (21). The rationale for studying this
strain was two fold. First, LexA is a critical component in the SOS response, a well
characterized stress response described in several model prokaryotic species. Narumi et
al. (147) were the first to show that the deinococcal LexA homologue is cleaved,
presumably by activated RecA, following D. radiodurans’ exposure to ionizing radiation.
Satoh et al. (168) demonstrated that the stress induced cleavage of LexA was critical to
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this organism’s remarkable survival. We wanted to determine what fraction of D.
radiodurans’ inducible response to ionizing radiation (R1 analysis in Chapter 3) was
under the control of this repressor and how that fraction of genes compared to the SOS
response constituents of other species. Second, we wanted to better understand how IrrE
functions as a regulator of gene expression. At the end of Chapter 3 we hypothesized that
IrrE regulated the expression of R1’s response to ionizing radiation through its control of
recA transcription. Since activated RecA is responsible for the cleavage of the LexA
repressor, we felt that the levels of RecA in irradiated LSU2030 may have been
insufficient to illicit D. radiodurans’ ‘SOS’ response. In other words, we thought it
possible that LSU2030’s sensitivity to DNA damage may have been due solely to this
strains inability to turn on the SOS response. We wanted to determine if the 26 genes not
induced to wild-type levels in LSU2030 (Chapter 3) following ionizing radiation
exposure were the same as those revealed to be LexA regulated in GY10912.
Initially we compared the global expression of GY10912 to R1 under normal, unstressed conditions to determine which genes were under the control of the LexA
repressor in D. radiodurans. Since GY10912’s LexA is disrupted by a kanamycin
cassette it is unable to bind DNA resulting in constitutive expression of all LexA
regulated loci. To our surprise 146 genes were more highly expressed in GY10912 than
in R1 under these conditions, and none of these appeared to be part of the classical SOS
response of E. coli. Forty nine percent of LexA controlled genes in D. radiodurans
encoded proteins with no identifiable function while twenty eight percent were putative
transposases. Among the remaining functional groups less than 6% were regulatory, 4%
were implicated in membrane transport, genes involved in DNA repair/stress response,
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cell division and metabolism/energy acquisition each contributed to 3% of the total while
2% of LexA controlled genes were implicated in protein synthesis and less than 1% was
involved in protein fate.
Comparison of this LexA controlled dataset with the R1 induction dataset from
Chapter 3 revealed that there was, as expected, some overlap, indicating that LexA
controlled a portion of D. radiodurans’ loci that respond to ionizing radiation. In all,
37% of the genes induced in R1’s recovery from a 3,000 Gy dose of ionizing radiation
were found to be under LexA control. What is immediately obvious in Figure 4.2 is that
LexA appears to control almost all of the regulatory genes and transposases in R1’s
response to ionizing radiation. It also appears to regulate nearly half of the hypothetical
genes. On the other hand, LexA contributes little to the regulation of genes known to
participate in DNA repair or in an identifiable stress response, emphasizing the difference
in the ‘SOS’ regulon of D. radiodurans and that of other species.
When a 3,000 Gy dose of ionizing radiation is administered to GY10912 the
transcription of only four additional genes, including recA, increase relative to the unirradiated culture. This reiterates our initial finding that not all radiation-inducible genes
are LexA controlled, and reveals that a LexA defective strain is capable of activating
other stress induced loci. These inductions also suggest that GY10912 is not
experiencing stress as a consequence of being LexA defective. This was a concern
because Bonacossa et al. reported that GY10912 had a different morphology than that of
its parent strain, R1. (21). Microscopic analysis of lexA defective cells revealed that
instead of the diplo-tetracoccal morphology normally exhibited by D. radiodurans
GY10912 had a very ‘clumpy’ appearance (21). In addition, even though GY10912
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could achieve the same stationary phase density (OD600~1.2) as R1, the doubling time of
was approximately twice that of R1.
There is precedent for LexA-controlled regulation of cell division in other
species; LexA defective strains of E. coli undergo a process called lethal filamentation
due to the constitutive expression of sulA, an inhibitor of cell division. However, none of
the genes in Table 4.1 show homology to this cell division inhibitor and as evidenced by
the micrographs of deinococcal cells lacking LexA (21), it does not appear that cessation
of cell division per se is occurring in these cells. Overexpression of a cell division
inhibitor would likely lead to the formation of giant cells with no evidence of septation.
GY10912 cells are of normal size and appear to have some septation, but aggregate and
remain in large cell clusters. Five of the genes in Table 4.1 are annotated as being
involved in the cell division process and may be responsible for the observed
morphology.
A large fraction of the inducible genes in R1’s response to ionizing radiation is
not accounted for in our analysis of irradiated GY10912. We cannot currently explain
why irradiated GY10912 does not exhibit increases in transcript abundance for the other
47 loci induced in R1’s response to ionizing radiation. Although we do not have an
adequate explanation for this result, we offer the following possibility. We assume that
in a wild-type background there is a particular sequence of regulatory events that occurs
when the cell is irradiated. It may not be necessary for that sequence to stay the same in a
cell that contains different and presumably more abundant proteins at the time of
irradiation. Given our result, we suspect that a cell constitutively expressing LexA
controlled loci does not require all of the proteins needed to facilitate survival following

131

exposure to ionizing radiation in R1, but without further study this is nothing more than
speculation. Regardless of the reason, the fact that both R1 and GY10912 are able to
carry out the necessary repairs to survive high dose ionizing radiation suggests that any
overlap in gene expression between the two is potentially significant and informative.
In an effort to determine whether IrrE controlled the ‘SOS’ regulon of D.
radiodurans, we compared the expression profile of LSU2030 following ionizing
radiation exposure with those of GY10912 and R1 (Figure 4.5). The 26 genes that did
not achieve wild-type levels of induction in LSU2030 did not, however, perfectly overlap
with the LexA controlled gene set, suggesting that IrrE does not completely control the
‘SOS’ regulon of D. radiodurans. IrrE inactivation had no affect on 19 of the 31 LexA
controlled loci that overlapped with the R1 induction dataset and affected 12 genes
regulated independent of this repressor. These results indicated that our initial hypothesis
was probably not correct; if induced levels of activated RecA were necessary for
cleavage of the LexA repressor, then all LexA controlled genes should have been
differentially expressed in LSU2030. This lack of overlap suggests that IrrE regulation is
not as RecA-centric as previously thought, and that the un-induced level of RecA in
irradiated LSU2030 is capable of cleaving LexA, effectively de-repressing LexAregulated loci. However, there are 11 genes whose expression is affected both by IrrE
and LexA inactivation indicating that IrrE may be involved in the combinatorial control
of ionizing radiation-induced loci. It is not uncommon for prokaryotic promoters to be
regulated by more than one factor and our data indicate that this does occur in D.
radiodurans as evidenced by the expression profiles of DRA0346 and DR0003 in our
analyses of GY10912. Cells lacking LexA express these two loci at a relatively high

132

constitutive level, but these levels increase even further when the cell is irradiated
indicating that LexA cleavage is not sufficient to illicit their full induction. DRA0346
and DR0003, on the other hand, are not induced in irradiated LSU2030 indicating that
IrrE has some role in their regulation. While there is the formal possibility that IrrE and
LexA may function within the same pathway to regulate these two genes, IrrE may
represent the additional activating factor required for increased transcription in the
irradiated GY10912 culture. This example underscores the fact that gene regulation can
be a highly complex phenomenon requiring the stimulation and interaction of a number
of regulatory elements under various environmental conditions.
Although our analyses did not fully answer the question of how IrrE functions to
control specific radiation-induced loci, it may have succeeded in identifying a relatively
small subset of genes that appear to be critical to D. radiodurans’ survival following
ionizing radiation exposure. We demonstrated that the global expression profiles of R1
cultures irradiated at increasingly higher doses do not change appreciably from the
inducible response of R1 cultures irradiated at 3,000 Gy, even when the dose extends
beyond this strain’s shoulder of resistance (Table 4.2). This suggested that the majority
of the 115 loci more highly expressed in GY10912 that do not overlap with the R1
radiation induced dataset is not induced as part of D. radiodurans’ response to ionizing
radiation. Therefore, we believe that this large subset of genes is not involved in D.
radiodurans’ response to ionizing radiation and that the appearance of this subset is
probably an indirect effect of LexA de-regulation. If we then assume that the original R1
induction dataset described in Chapter 3 reveals all of the important inducible genes in D.
radiodurans’ response to a 3,000 Gy dose of ionizing radiation, then the genes that confer
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radio-resistance to GY10912 would have to overlap with this group of genes. There are
35 genes, both constitutively expressed and induced in GY10912, that overlap with the
R1 dataset. Of the 35 loci, 15 are not induced in the severely radio-sensitive LSU2030.
We propose that this overlapping set of 15 genes may represent some of the more
important gene products that D. radiodurans uses to combat the lethal effects of ionizing
radiation. The most exciting aspect of this inference-based hypothesis is that nine of
these 15 genes encode proteins that have unknown function.
As previously stated, the most remarkable feature of D. radiodurans’ survival
following ionizing radiation is its ability to accurately mend a severely damaged genome,
a feat that includes the ability to repair over 100 DNA double strand breaks. GY10912
and R1, both radio-resistant, are able to perform this feat while LSU2030, being radiosensitive cannot (Figure 2.7). The 15 genes identified in our overlap analyses of the
wild-type strain and the two regulatory mutants, LSU2030 and GY10912, may encode
proteins involved in repairing D. radiodurans’ damaged genome. The appearance of
RecA and RuvB, known recombination repair constituents, among this list certainly
bolsters this hypothesis. If these genes are specifically involved in repairing DNA dsbs
then the induction of these 15 genes should be observed any time a culture suffers dsbs,
regardless of whether the damage was introduced by ionizing radiation. Chapter 5
describes our global expression analysis of R1 cultures recovering from prolonged
desiccation, a stress that also introduces DNA dsbs.
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CHAPTER FIVE – GLOBAL EXPRESSION ANALYSIS OF R1 FOLLOWING
PROLONGED DESICCATION: IDENTIFICATION OF DNA DOUBLE STRAND
BREAK REPAIR CANDIDATES
I. Introduction
D. radiodurans is very resistant to the lethal effects of desiccation. Prolonged
desiccation is inherently DNA damaging and will introduce a substantial number of
double strand breaks (dsbs), single strand breaks and DNA crosslinks (8, 48, 49) into the
genome of the dried cell. Figure 5.1 illustrates the level of damage introduced into the
genome of D. radiodurans following six weeks of desiccation (Lane 4) compared to what
is introduced following 5,200 Gy of ionizing radiation (Lane 3) (127). The two
deinococcal cultures exhibit nearly identical patterns of chromosomal breakage and are
able to recover from both stresses with approximately the same level of survival (6080%). This figure suggests that, at least at the level of the DNA, damage introduced by
ionizing radiation is not unlike what is introduced when the cell has undergone a cycle of
prolonged desiccation and re-hydration. Furthermore, the comparable survivals suggest
that D. radiodurans employs similar repair mechanisms to deal with damage caused by
these two different stresses. Mattimore and Battista (127) were the first to explore this
possibility in D. radiodurans by examining a collection of ionizing radiation sensitive
(IRS) strains that were unable to survive a 5,200 Gy dose of ionizing radiation relative to
the parent strain. Every IRS mutant, thought to contain a defect in some critical
component of this organism’s radio-resistance mechanism, also exhibited marked
sensitivity to 6 weeks of desiccation (127). Many IRS strains were unable to repair DNA
dsbs following ionizing radiation exposure and three of these were shown to carry
mutations in the deinococcal homologue of polA, the product of which is known to
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function in a number of DNA repair processes in other species (65). They argued that it
was D. radiodurans’ ability to effectively and accurately repair extensive DNA damage,
specifically DNA dsbs that rendered this organism so resistant to these two stresses. This
observation was central to the hypothesis that ionizing radiation resistant bacteria such as
the deinococci did not evolve as a consequence of high levels of terrestrial radiation, but
as the result of growth in harsh dry environments (127).

1

2

3

4

5

Figure 5.1. The accumulation of DNA dsbs in D. radiodurans R1 cultures following
exposure to ionizing radiation and prolonged desiccation. Lanes one and five contain a
lambda size standard; lane two contains chromosomal DNA prepared from an untreated
R1 culture; lane three contains chromosomal DNA prepared from a culture immediately
following a 5,200 Gy dose of ionizing radiation and lane four contains chromosomal
DNA prepared from a culture immediately following re-hydration after six weeks of
desiccation.
Although desiccation and ionizing radiation both introduce a stress-specific
spectrum of damage that likely requires a differential reliance on repair components, this
chapter is focused on determining which of these components are shared in D.
radiodurans’ inducible response to both stresses. D. radiodurans-specific microarrays
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were used to evaluate the transcriptome of R1 cultures recovering from prolonged
desiccation. The transcript complement of un-treated R1 cultures was compared with R1
cultures recovering from 2 weeks desiccation at 5% relative humidity. Samples were
obtained over a 3 point time course (0, 0.5 and 1 hour) following re-hydration. Under
these sub-lethal conditions, 84 genes were induced in re-hydrated cultures relative to the
un-treated R1 culture. Comparison of the induction dataset of γ-irradiated R1 presented
in Chapter 3, revealed that nearly half (41) of the 84 desiccation-related inductions were
also observed during R1’s recovery from ionizing radiation exposure. All of the genes
associated with DNA repair and stress responses in the γ-irradiated R1 induction dataset
were among this overlapping subset of genes while those involved in metabolism and
protein synthesis did not overlap at all. Seventeen of the overlapping loci do not have an
identifiable function. In addition, 12 of the 15 genes identified in the expression analyses
of the regulatory mutants, GY10912 and LSU2030, described in the previous two
chapters were also induced in D. radiodurans’ response to desiccation. Six of these are
hypothetical genes that possess no significant homology to other genes in current
databases and may represent a novel collection of proteins that is necessary for the repair
of DNA dsbs in D. radiodurans.
II. Results
A. Almost Half of the Genes Responding During D. radiodurans’ Recovery from
Desiccation Are Also Up-regulated Following Exposure to Ionizing Radiation
In an effort to determine those genes induced in D. radiodurans’ response to
desiccation, microarray analysis was used to observe the differences in transcript
abundance in R1 exponential phase cultures that were recovering from a two week period
of desiccation (<5% relative humidity) and un-stressed R1 exponential phase cultures.
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Dried cell pellets were re-hydrated and re-suspended into 500 ml of pre-warmed (30oC)
TGY medium. RNA isolations took place immediately following and 0.5 and 1 hour
after cell re-suspension and incubation at 30oC. Other than the two week drying period,
desiccated and un-stressed cultures were treated identically to avoid spurious results from
inconsistent treatment (details in Appendix A). The following competitive hybridizations
were conducted and analyzed as described:
1) R1 un-stressed versus R1 0 hour post re-hydration,
2) R1 un-stressed versus R1 0.5 hour post re-hydration and,
3) R1 un-stressed versus R1 1 hour post re-hydration.
Each probe pairing was repeated with at least four independent biological replicates and
genes that exhibited an increase in transcription in at least two of the biological
experiments were included in the induction dataset. Table 5.1 lists genes that were
consistently up-regulated in cultures recovering from desiccation and provides a range for
the expression ratios used to calculate each mean value.
Eighty four genes were more highly expressed in the R1 sample during recovery
from desiccation relative to the un-stressed R1 sample. This number is nearly identical to
the number of inductions (83) observed throughout the same time course following
ionizing radiation exposure described in Chapter 3. Figure 5.2 illustrates the degree of
overlap between genes within the ionizing radiation and desiccation induction datasets;
the orange circle represents the genes induced during desiccation and/or re-hydration and
the blue circle represents the genes induced in R1’s response to ionizing radiation.
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Figure 5.2. Comparison of the R1 induction datasets following exposure to ionizing
radiation (blue) and recovery following prolonged desiccation (orange). The region of
overlap represents the number of induced transcripts that these two datasets have in
common. This overlapping set of genes is identified by bold typeface in Table 5.1 and
listed in Figure 5.4.
When the two datasets are compared it is clear that although D. radiodurans does
maintain distinct inducible responses to each stress nearly half of the inducible genes are
shared among each response. The 41 genes induced in common during D. radiodurans’
response to ionizing radiation and desiccation are presented in bold type face in Table 5.1
and listed in Figure 5.3. These 41 loci may encode a collection of common stress
response proteins that are activated upon exposure to all exogenous stress. Alternatively,
these genes may encode a collection of proteins that is responsible for the repair of
specific damage that is introduced upon D. radiodurans’ exposure to ionizing radiation
and desiccation (i.e., DNA damage). However, we consider it more likely that the
products of these genes represent a combination of both general and damage-specific
stress response proteins.
Figure 5.4 demonstrates how genes in these two datasets overlap within functional
categories. D. radiodurans responds to both ionizing radiation exposure and recovery
from prolonged desiccation by inducing the same repertoire of recognized DNA repair
and stress response genes; all nine of the desiccation-induced DNA repair and stress
145

response loci overlap with those induced in R1’s response to ionizing radiation. This is
not surprising considering that both stresses cause extensive DNA damage (Figure 5.1).
Although there were fewer genes within these groups for comparison, there was also
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DR0906 DNA gyrase, subunit B
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DR1913 DNA gyrase, sub. A
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TerZ
DR2275 exinuclease ABC,
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Figure 5.3. Identities and functional arrangement of genes that overlap in the R1 ionizing
radiation and desiccation analyses illustrated in Figure 5.2 and 5.3. Hypothetical genes
represent 37% of the total number of overlapping genes, DNA repair and stress response
genes represent 22%, transposases 20%, regulatory genes 7% while genes involved in
protein fate and RNA processing both represent 2% and unknown genes and transport
genes represent 5% of this total number.
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significant overlap between genes involved in regulation (75%) and RNA processing
(100%). There was some overlap within the membrane transport (33%) and protein fate
(20%) functional groups although collectively this represented only three genes. Eight of
the desiccation-induced transposases (72%) overlapped with those induced in D.
radiodurans response to ionizing radiation; however, as previously addressed it is not
clear whether all of these loci are actually becoming up-regulated in response to both
stresses. The locations of these transposases have not been verified in the R1 strain used
in these experiments so proximity effects, discussed in Chapter 3, cannot be evaluated.
In addition, many of these transposases possess identical nucleotide sequences, therefore
transcripts from any one of these loci would be expected to cross-hybridize extensively
with other transposase ‘spots’ on the microarray. Genes involved in metabolism or
energy acquisition and protein synthesis did not overlap at all suggesting that their
products are not involved in D. radiodurans’ common response to ionizing radiation and
desiccation. The remaining genes, those whose gene products have an unknown
function, also exhibited a significant overlap; 40% of genes with unknown function
induced during D. radiodurans’ recovery from desiccation overlapped with over 50% of
the same class of genes responding in this organism’s response to irradiation. These 17
genes comprise nearly half of D. radiodurans’ common response to ionizing radiation
and desiccation, and contain some of the most highly induced genes among both
responses.
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Figure 5.4. Functional group comparisons of genes more highly expressed in R1 following prolonged desiccation (orange) and
exposure to ionizing radiation (blue). The regions of overlap represent the number of transcripts among each functional group that
these two datasets have in common. This overlapping set of genes is identified by bold typeface in Table 5.1 and listed in Figure 5.3.
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B. Overlap Analysis of Irradiated GY10912 and LSU2030 Reveal that 12 of the 15
Genes Hypothesized to Be Involved in DNA Dsb Repair Are Also Part of D.
radiodurans’ Response to Desiccation
In Chapter 4, 15 genes presumed to be critical to D. radiodurans’ ionizing
radiation survival (Table 4.6) were identified by comparing the R1, GY10912 and
LSU2030 transcriptomes following the exposure of each strain to a 3,000Gy dose
ofionizing radiation (Chapter 4). GY10912 is a LexA defective strain of D. radiodurans
(21). LexA is most notable for its role as the repressor in the SOS response of
prokaryotes; it controls the expression of DNA damage inducible genes whose products
function to repair damage and prolong the survival of the cell. Strains of D. radiodurans
that are incapable of cleaving the LexA repressor following ionizing radiation exposure
exhibit severe radio-sensitivity (168). GY10912 is fully resistant to ionizing radiation.
Loci under LexA control are constitutively expressed in this strain (Chapter 4). IrrE was
identified in the screen of IRS strains described in Chapter 2 and is a positive regulator of
D. radiodurans’ response to ionizing radiation (Chapter 3). Inactivation of this protein,
as in LSU2030, confers marked sensitivity to ionizing radiation and desiccation (127) and
results in the loss of DNA dsb repair (Figure 2.8).
These 15 genes were singled out because they are 1) induced in R1’s response to
a 3,000 Gy dose of ionizing radiation, 2) constitutively expressed or induced in
GY10912’s response to a 3,000 Gy dose of ionizing radiation and 3) not induced in
LSU2030’s response to a 3,000 Gy dose of ionizing radiation. Since GY10912 and R1
were capable of performing DNA dsb repair and LSU2030 was not, we proposed that the
induction of these 15 genes was essential for this process. If increased levels of the 15
proteins encoded by these genes is, in fact, critical to the repair of DNA dsbs in D.
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radiodurans’ recovery from ionizing radiation, then these proteins should also be induced
in this organism’s response to a different, but equally DNA damaging agent like
desiccation. Table 5.2 provides a side-by-side comparison of how this LexA/IrrE-defined
subset of genes overlaps with those induced in D. radiodurans response to ionizing
radiation and desiccation.

Table 5.2. Comparison of the LexA/IrrE-defined subset of genes in ionizing
radiation and desiccation induction datasets
IONIZING RADIATION
DR0003
DR0070
DR0326
DR0423
DR1142
DR1143
DR2073
DR2441
DRA0346

DR0596
DR0906
DR1913
DR2340
DR2338
DR2574

DESICCATION

HYPOTHETICAL
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
DNA REPAIR/STRESS
RESPONSE
Holliday junction DNA
helicase, ruvB
DNA gyrase, subunit B
DNA gyrase, subunit A
recA

DR0003
DR0070
DR0326
DR0423

HYPOTHETICAL
hypothetical
hypothetical
hypothetical
hypothetical

DR2441
DRA0346

hypothetical
hypothetical

DR0596
DR0906
DR1913
DR2340

REGULATORY
cinA
transcriptional regulator,
HTH_3 family

DR2338
DR2574
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DNA REPAIR/STRESS
RESPONSE
Holliday junction DNA
helicase, ruvB
DNA gyrase, subunit B
DNA gyrase, subunit A
recA
REGULATORY
cinA
transcriptional regulator,
HTH_3 family

All but three of the LexA/IrrE defined set of genes that overlapped with the R1
irradiation induction dataset were also induced in D. radiodurans’ response to
desiccation. The 12 overlapping genes encode both DNA gyrase subunits, RecA, RuvB,
CinA, a HTH-containing transcriptional regulator, and six hypothetical proteins. Other
than the HTH-containing transcriptional regulator which could potentially serve to sense
or transmit DNA damage signals, the other five identifiable loci have all been directly
implicated in recombination, a process necessary for DNA dsb repair. The fact that there
are no identifiable homologues of proteins involved in other cellular processes such as
energy acquisition or protein synthesis suggests that the hypothetical genes among this
list are likely not involved in these processes, but carry out activities much like the
identifiable genes that are present within this list. The presence of DRA0346 among
these 12 genes may serve to support this particular assertion. DRA0346 was annotated
by TIGR as a hypothetical gene and BLASTp searches of current databases (Table 3.5
from Chapter 3) does not offer any information concerning this gene’s function.
However, Narumi and colleagues in Japan have found that inactivation of this gene,
which they have renamed pprA, confers marked radio-sensitivity to D. radiodurans
(http://lib1.nippon-foundation.or.jp/1997/1146/contents/158.htm). These investigators
have yet to publish a final manuscript detailing the analysis of the DRA0346 gene
product, but based on abstract information it appears that PprA is a DNA binding protein
that preferentially binds double stranded DNA. The observed radio-sensitivity in
deinococcal cells lacking this protein as well as the biochemical finding that it interacts
with double stranded DNA strongly suggests that PprA performs a critical role in D.
radiodurans’ DNA damage repair process. The remaining five hypothetical loci could
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prove equally as important and may encode completely novel components of DNA dsb
repair in D. radiodurans.
III. Discussion
D. radiodurans’ extraordinary level of ionizing radiation resistance is contingent
upon its ability to repair hundreds of DNA dsbs. Strains that are unable to perform this
feat are extremely sensitive to this stress. Mattimore and Battista (127) were the first to
put forth an argument that the evolution of this dramatic repair phenomenon arose from
D. radiodurans’ life in a desiccated environment. They argued that this organism’s
ability to effectively repair desiccation-related DNA damage, which includes numerous
DNA dsbs, was what rendered D. radiodurans able to withstand large, acute doses of
ionizing radiation (127). Studies of γ-irradiated deinococcal cultures have shown that in
order for DNA dsb repair to occur 1) de novo protein synthesis must take place (47, 183)
and 2) RecA must cleave the LexA repressor (168). This indicates that at least some of
the proteins synthesized in D. radiodurans’ inducible response to ionizing radiation are
critical for the reassembly of its fractured genome. We assume that genes within this
requisite inducible response encode proteins necessary for the repair of DNA dsbs that
are needed for recovery from prolonged de-hydration. In our effort to define those genes
in D. radiodurans, we compared the global induction profile of R1 cultures that were
recovering from a sub-lethal period of desiccation with that of R1 cultures recovering
from a sub-lethal dose of ionizing radiation (Chapter 3). We used microarray analysis to
examine the global induction expression profile of D. radiodurans R1 cultures as they
recovered throughout a one hour time course following a two week period of desiccation.
Collectively, the expression of 84 genes, 2.6% of the predicted transcriptome, was higher
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in cultures following re-hydration at the time points examined. Of the 84 genes
responding to desiccation, nearly half (41) were also induced in D. radiodurans’ response
to ionizing radiation (Chapter 3). This degree of overlap further supported the theory that
this organism’s extraordinary ability to tolerate ionizing radiation is actually a fortuitous
by-product of its ability to tolerate prolonged periods of de-hydration. Because D.
radiodurans appears proficient in the repair of DNA damage introduced by these two
stresses, it was not surprising that among functional categories, genes encoding
homologues of proteins involved in DNA repair and the stress response exhibited the
most complete overlap between the irradiated and desiccated induction datasets.
Presumably D. radiodurans requires higher levels of these particular proteins to combat
the lethal effects of both stresses. However, the presence of these identifiable repair
proteins does not suggest that this subset of proteins per se is responsible for D.
radiodurans’ remarkable capacity to repair DNA. The 17 overlapping genes whose
products have unknown function do, however, present a wealth of potential targets for
investigation.
In the previous chapter we compared the expression profiles of two regulatory
mutants, GY10912 (lexA::kan) and LSU2030 (irrE2::TnDrCat), with that of R1 to refine
the list of genes whose products were probable contributors to DNA dsb repair in D.
radiodurans’ inducible response to ionizing radiation. Since radio-resistant GY10912 is
able to repair DNA dsbs and radio-sensitive LSU2030 is unable to repair DNA dsbs,
those genes that were expressed in GY101912 and not expressed in LSU2030 following
their exposure to ionizing radiation that also overlapped with the R1 induction dataset
were singled out as potential candidates in the DNA dsb repair process. This overlap
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analysis provided 15 likely candidates, nine of which were hypothetical in nature.
Although there were clearly differences in D. radiodurans’ response to ionizing radiation
and desiccation (Figure 5.2) and desiccation-related microarray experiments were not
performed on either LSU2030, irrE::TnDrCat, or GY10912, lexA::kan, the appearance
of this IrrE/LexA defined subset of 15 genes in R1’s response to desiccation would
further support the hypothesis that these genes are involved in DNA dsb repair.
Twelve of the 15 genes identified in the overlap analysis described above were
also induced in D. radiodurans’ response to desiccation. This list of 12 genes encodes
homologues of proteins involved in recombination including RuvB, RecA and DNA
gyrase. CinA is among this list and although the precise function of this protein has yet
to be determined it is often up-regulated during natural transformation in other species
(156) and is thought to be involved with RecA in recombination during this process
(202). The precise function of the HTH containing transcriptional regulator (DR2574) is
also unknown, but may function to control genes during the repair process; the
contribution of DR2574 to D. radiodurans’ radio-resistance is currently being
investigated by Heather Howell at TIGR as part of a collaborative effort with the Battista
laboratory. Narumi and colleagues have tentatively shown that DRA0346, one of the
hypothetical genes, contributes significantly to D. radiodurans’ survival following
ionizing radiation exposure and binds non-specifically to double stranded DNA
(http://lib1.nippon-foundation.or.jp/1997/1146/contents/158.htm).
The significance of the proteins encoded by these genes in facilitating D.
radiodurans extraordinary recovery from ionizing radiation must ultimately be decided
experimentally. However, we feel that given what we know of the repair capabilities of
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R1, GY10912 and LSU2030 and what we have learned through the analysis of their
transcriptomes, these six genes will prove important in continued efforts to explain D.
radiodurans extraordinary ionizing radiation resistance.

155

CHAPTER SIX – CONCLUDING COMMENTS
The primary objective of this research was to identify those components in D.
radiodurans’ response to high dose ionizing radiation that were most critical to this
organism’s survival. Specifically, I wanted to identify proteins involved in the accurate
repair of its genome from no less than 800 randomly broken chromosomal fragments
predicted within each irradiated cell; an impossible task for nearly every other organism
studied to date. I attempted to achieve this objective by 1) characterizing an ionizing
radiation sensitive strain of D. radiodurans and 2) examining and comparing the global
transcriptional response of D. radiodurans strains as they recovered from ionizing radiation
exposure and prolonged desiccation. First, I identified the novel IrrE protein whose
inactivation renders this organism sensitive to ionizing radiation, desiccation, UV light and
mitomycin C. The discovery of IrrE was intellectually satisfying in that it supported a long
standing belief about this organism that had never been experimentally demonstrated: D.
radiodurans’ survival to ionizing radiation was, at least in part, due to proteins not present in
other less resistant bacteria. (This assertion could ultimately prove false as more organisms
are sequenced.) I demonstrated that strains lacking this protein were unable to repair DNA
dsbs following exposure to ionizing radiation suggesting that IrrE was an integral part of this
process. However, in light of the pleiotropic effects of the irrE mutation on D. radiodurans’
survival to other damaging agents, in addition to what we knew from our studies of UV
resistance in this species (53), we thought it unlikely that IrrE possessed an enzymatic
function in the direct repair of DNA dsbs. Instead, we suspected that IrrE was a regulator in
the expression of genes whose products were critical to DNA damage recognition and
repair. Prompted by the finding that recA expression was not controlled by LexA as seen
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in other species (147) we determined that IrrE was a novel regulator of recA induction
following ionizing radiation exposure. To the best of our knowledge, IrrE is the first
protein identified that takes part in an alternative, LexA-independent process of stressinduced transcriptional regulation of recA.
It is, perhaps, worth speculating on the reason why D. radiodurans would evolve a
mechanism for recA regulation that does not adhere to the LexA/RecA auto-regulated feedback loop that is the SOS paradigm found in so many species. Kim et al. revealed that
deinococcal RecA, unlike the prototypical RecA of E. coli, is atypical in that it preferentially
binds to double stranded DNA (dsDNA) (99). The authors of this study suggest that this
feature would make deinococcal RecA ill suited for the repair of stalled replication forks, the
principal role of E. coli’s RecA (40, 106). Instead they postulated that this unique binding
property would greatly facilitate its role in DNA dsb repair. However, deinococcal cells
lacking RecA exhibit severe growth defects under normal, un-stressed conditions suggesting
that RecA does have some housekeeping function within the cell. Since deinococcal RecA
is also capable of causing the auto-proteolytic cleavage of the LexA repressor in the
presence of single strand DNA (ssDNA) and ATP in vitro and following ionizing radiation
in vivo (147), I propose the following hypothesis for why this organism may have evolved a
different mechanism for recA induction following exogenous stress. If deinococcal RecA
nucleation on ssDNA does occur at sites of stalled replication, it may also trigger the ‘SOS’
response by activating the proteolysis of LexA. If the LexA repressor controlled recA
expression then this cleavage would likely result in an abundance of RecA protein in the unperturbed cell. There may be un-favorable consequences to other normal cellular processes
by having an abundance of a protein that preferentially binds to dsDNA in a cell that is not
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in need of dsb repair. By placing recA under the control of a distinct regulatory pathway
that could discriminate between the stress of a stalled replication fork and severe exogenous
stress (i.e., ionizing radiation exposure) the cell could avoid a potential problem with RecA
abundance under normal conditions.
In an effort to identify additional proteins that functioned in D. radiodurans
remarkable recovery from ionizing radiation exposure, I, in collaboration with Scott
Peterson’s group at TIGR, used D. radiodurans-specific DNA microarrays to examine the
global transcriptional response of R1, LSU2030 (irrE::TnDrCat) and GY10912 (lexA::kan)
during recovery from ionizing radiation exposure. Based on two key observations, we felt
that the identification of genes whose expression changed, specifically increased, in
irradiated radio-resistant strains would direct us to proteins that function in DNA dsb repair
in this organism. The first observation was that de novo protein synthesis must occur in
cells that have been irradiated if repairs are to be effected (47, 183). Since transcription
and translation are so closely linked in prokaryotic organisms it is reasonable to assume
that at least some fraction of these requisite newly synthesized proteins would be derived
from transcripts of induced genes. The second observation revisits deinococcal RecA;
RecA must be capable of eliciting the auto-proteolytic cleavage of the deinococcal LexA
repressor for survival following ionizing radiation even if it is unable to promote
homologous recombination (168). Although controversial, this observation indicated that
the LexA-controlled inducible response was sufficient to confer near wild-type levels of
survival in γ irradiated deinococcal cells even in the absence of RecA mediated
recombination.
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The results from the compilation and comparison of the reproducible responses of
these three genetically and phenotypically diverse D. radiodurans strains following ionizing
radiation exposure are succinctly described below. First, we identified, within the limits of
microarray analysis (see Chapter 1), all of the inductions and repressions necessary for
survival in R1’s recovery from a 3,000 Gy dose of ionizing radiation. Remarkably, only a
small fraction (3%) of the genes predicted in D. radiodurans genome responded to this
insult. These data can now serve as a resource for further studies aimed at understanding D.
radiodurans remarkable resistance mechanisms by providing 1) a basis on which future
experiments may be designed and 2) a supplement in the analysis of future results. Second,
we were able to further characterize IrrE by demonstrating that this novel protein is
necessary for the induction of greater than 25% of D. radiodurans’ response to a 3,000 Gy
dose of ionizing radiation. Clearly, IrrE functions in some activating capacity; this protein
either directly effects the up-regulation of these stress-induced loci or functions as part of
some signaling pathway that is responsible for alerting the cell to stress (i.e., DNA
damage) so that other regulators can then effect expression. Although we did not
determine whether LSU2030 exhibited regulatory deficiencies in its response to other
stresses, based on its profound sensitivity to every stress examined I believe that IrrE
likely functions in a similar manner to regulate D. radiodurans’ response to these other
stresses. Third, we have shown that the LexA-controlled regulon controls approximately
one-third of D. radiodurans’ overall inducible response to ionizing radiation and does not
include any genes that are associated with the ‘classic’ SOS response of E. coli or genes that
encode any obvious DNA repair proteins. This is in contrast to a recent microarray
investigation of E. coli’s response to UV exposure (39); the LexA repressor appears to
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regulate nearly every responding gene in this system which includes those that encode
known DNA repair proteins. We also determined that the LexA-controlled regulon partially
overlaps with genes controlled by the IrrE protein suggesting that these two regulators either
work in concert or within the same pathway to control the expression of these overlapping
genes. Fourth, we identified a small subset of 15 genes whose products we predicted were
involved in some aspect of this organism’s DNA dsb repair. The finding that nearly all of
identifiable genes within this list encode proteins that have been implicated in recombination
suggested that the nine unidentifiable genes among the 15 were also part of this process.
Although this hypothesis was constructed on nothing more than an overlap analysis of R1
and the two regulatory mutants, LSU2030, incapable of DNA dsb repair, and GY10912,
capable of DNA dsb repair, it was supported by our analysis of R1’s response to recovery
from prolonged desiccation. Twelve of the 15 genes including six hypothetical genes were
also induced in R1 cultures recovering from prolonged desiccation, a process that is also
inherently DNA damaging and causes numerous DNA dsbs. This further supported the
assertion that the products of these inducible genes are critical in D. radiodurans’ recovery
from agents that cause DNA dsbs and, therefore may implicate them in the process that
repairs these lesions.
This dissertation, although data-rich, is really a starting point for further
investigation. Obviously, any assertion made based on the microarray data must be
experimentally verified. The Battista laboratory has already begun to inactivate the six
hypothetical genes thought to be involved in DNA dsb repair. These mutants will ultimately
be tested for their contribution to D. radiodurans radio-resistance. In addition, all of the
hypothetical genes that were differentially expressed in these datasets should be high
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priority for future investigation as they may encode critical components of this organism’s
response. It would also be useful to examine D. radiodurans’ global transcriptional
response to other stresses that do not specifically introduce DNA dsbs, like UV. While I
have shown that IrrE is essential for the induction of genes involved in D. radiodurans’
ability to repair its genome following ionizing radiation, we do not currently understand how
this protein regulates the response. Does it represent some kind of generic DNA damage
sensor that sets off a cascade of events that culminates in the induction of some portion of D.
radiodurans’ response to stress? Does IrrE directly interact with promoter regions of these
loci functioning, perhaps, like a sigma factor? Structural analysis of IrrE may be useful in
answering these questions. I have already cloned the irrE gene into an expression vector and
have shared this clone with Dr. Michael Kennedy’s group at the Pacific Northwest National
Laboratories in Richland, Washington. They have reportedly successfully expressed the
protein and are currently in the process of determining whether IrrE protein crystals are
suitable for X-ray diffraction. In addition, Lee Ann McCue at the Wadsworth Institute in
Albany, New York, is analyzing the sequences that surround genes present in our
microarray datasets in an effort to identify sequence motifs that could function in
regulation (i.e., IrrE or LexA binding motifs).
In conclusion, D. radiodurans clearly does not adhere to the conventions that we
have come to expect in other vegetative prokaryotes- it is remarkably stress resistant and
capable of repairing extensive DNA damage, has unusual regulatory circuitry and appears
to coordinate its response to stress much like the DNA damage checkpoints observed in
eukaryotes. While the sequencing project and simply targeting proteins that are essential
in the stress response of other prokaryotes were not especially helpful in explaining this
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organism’s unique characteristics, both microarray analysis and random mutagenesis
have proven useful in this venture. However, we still do not have a satisfactory answer
for why D. radiodurans is so resistant to ionizing radiation, but the data presented in this
dissertation will certainly serve as a valuable tool in our continued efforts to answer this
question. We can apply what we learn from our genetic and biochemical investigations
of microarray identified genes and their products to further supplement our understanding
of the amazing physiological repair picture that has emerged over the past 40 years of
deinococcal research.
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APPENDIX A – MATERIALS AND METHODS
I. Materials and Methods
A. Bacterial Strains and Plasmids
Bacterial strains and plasmids used in this study are listed in Table A.1. All D.
radiodurans strains were grown at 30oC in TGY broth (0.5% tryptone, 0.3% yeast extract,
0.1% glucose) or on TGY agar (1.5% agar). Some D. radiodurans strains were also grown
in a modified defined medium. The composition of the defined medium is as follows: (all
values are amounts added per liter of 10 mM phosphate buffer pH 7.0 – 7.2) 5 g glucose, 0.4
mg niacin, 0.5 mg biotin, 100 mg glutamate, 100 mg methionine, 0.33 g ammonium sulfate,
10 mg CaCl2, 2.5 mg FeSO4-7H2O, 100 mg MgCl2-6H2O, 0.5 µg CuSO4-5H2O, 10 µg
MnCl2-4H2O, 200 µg ZnSO4-7H2O, 20 µg CoCl2. E. coli strains were grown in LuriaBertani (LB) broth or on Luria-Bertani plates at 37oC. Plasmids were routinely propagated
in E. coli strain DH5α MCR.
B. Plasmid Isolation
Plasmids were isolated using either the QIAGEN Miniprep Kit (QIAGEN Inc.,
Valencia, CA) or an alkaline lysis procedure (10).
C. Transformation in Liquid Culture
D. radiodurans is relatively easy to manipulate using natural transformation. Fully
competent throughout its exponential growth, D. radiodurans readily takes up and
incorporates transforming DNA into its chromosome with high efficiency. Calcium
chloride from a 1 M stock solution was added to D. radiodurans cultures in exponential
growth (approximately 2 x 107 cfu/ml) until a final concentration of 30mM was achieved.
Following an 80 minute incubation at 30oC transforming DNA, either 1 µg plasmid DNA or

181

10 µg chromosomal DNA, was added to 1 ml of the CaCl2-treated culture. This mixture
was held on ice for 30 minutes before being diluted 10 fold with TGY broth and incubated
for 18 hours at 30oC.
D. Dot Transformation
Twenty-five milliliters of an exponential phase D. radiodurans culture was
harvested by centrifugation at 10,000 x g for 10 minutes at 4oC. Pellets were reconstituted
in 2.5ml 10 mM MgSO4. A 100 µl aliquot of the reconstituted cells were spread onto a
TGY agar plate and incubated at 30oC for 2 hours. Transforming DNA was dotted directly
onto the surface of the plate in a 5-10 µl aliquot and allowed to dry. Plates were incubated
at 30oC for 18-24 hours and replica plated onto TGY agar. Selective pressure was applied to
the replica to identify successful transformants. To select mitomycin C resistant
transformants, lawns were replica plated onto TGY agar containing 60 ng of mitomycin
C/ml. To select for ionizing radiation resistant transformants, lawns were replica plated onto
TGY agar and irradiated at 10,000 Gy. Plates were incubated at 30oC for 3 days before
being scored for survival within the area where the DNA had been dotted.
E. Chromosomal DNA Isolation
TGY broth (200 ml) was inoculated with a 2 ml culture (2 x 107 cfu/ml) of D.
radiodurans. After 48 h, the 200 ml cultures were harvested by centrifugation at 4oC at
6,000 x g for 15 min. Pellets were resuspended in 20 ml 95% ethanol and held at room
temperature for 10 minutes to remove D. radiodurans' outer membrane. The ethanolstripped cells were collected by centrifugation at 4oC at 6,000 x g for 15 min and the
resulting pellet gently resuspended in 1 ml of 2 mg/ml lysosyme (Sigma Chemical, St.
Louis, MO) in TE buffer (10mM Tris-HCl, 0.1mM EDTA, pH 8.0). This mixture was
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incubated at 37oC for 30 min. Five milliliters of pronase E solution [0.8 mg/ml pronase E
(Sigma Chemical, St. Louis, MO), 2% SDS, 0.1 M EDTA] were added to lysozyme-treated
cells and incubated for at least 3 hours at 50oC. Lysed cells were transferred to a centrifuge
tube and extracted once with an equal volume of phenol:chloroform (1:1) and twice with
equal volumes of chloroform:isoamyl alcohol (24:1). The DNA was precipitated from the
extracted material with 1 ml 3 M sodium acetate (pH 7.0) and 20 ml of ice-cold 100%
ethanol. The DNA was spooled out using a curved glass rod and washed twice with 70%
ethanol. The DNA was air dried and dissolved in 5 ml TE buffer (pH 8.0) and stored at 4oC.
To isolate genomic DNA from individual colonies a sterile stick was used to
transfer cells from a single colony into 100% ethanol. Cells were vortexed to remove the
outer membrane and pelleted by centrifugation. Cell pellets were re-suspended in 400 µl
saline-EDTA (150mM NaCl, 10mM EDTA pH 8.0) and then 10 µl of lysozyme solution
(10 mg/ml) were added to the cell suspensions. After a 30 minute incubation at 37oC, 5
µl of proteinase K (15 mg/ml) and 10 µl of 25% sodium dodecyl sulfate were added to
each tube and incubated at 60oC for 30 minutes. One milliliter of Prep-A-Gene DNA
Binding Buffer (BioRad, Hercules, CA) was added and tubes were inverted to mix before
adding 10 µl of Prep-A-Gene matrix (BioRad, Hercules, CA). Tubes were inverted and
incubated at room temperature for 15 minutes. The DNA-containing matrix was pelleted
by centrifugation and the supernatant was discarded. The matrix was then re-suspended
in 500 µl of DNA Binding Buffer by gentle tapping, centrifuged for 1 minute and washed
twice in 750 µl of Prep-A-Gene Wash Buffer (BioRad, Hercules, CA). After the wash
buffer was thoroughly removed and the pellet was briefly dried, genomic DNA was
eluted from the matrix by adding 30 µl of sterile deionized water to the matrix and
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incubating at 37oC for 15 minutes. The matrix was pelleted by centrifugation and the
supernatant containing the purified genomic DNA was removed and stored at 4oC for
later use.
F. Survival Curves
Only D. radiodurans cultures in exponential growth (106 – 107 cfu/ml) were
evaluated for their ability to survive UV or ionizing radiation. All D. radiodurans cultures
were treated at 25oC. UV irradiation was conducted using a germicidal lamp with a
calibrated dose rate of 25 J/m2/s generated UV light. Gamma irradiation was conducted
using a Model 484R 60Co irradiator (J. L. Shepherd & Associates, San Fernando, CA) at
a rate of 30 Gy/min. Irradiated cultures were diluted, plated in triplicate on TGY agar
plates and incubated for 3 days at 30oC before scoring for survivors.
G. Amplification of the irrE Sequence and DNA Sequencing
Genomic DNA from appropriate D. radiodurans strains was used as the template to
generate the PCR products used for DNA sequencing. Amplification was accomplished
using two sets of primers: (1) IRS241up and IRS241down (sequences in Table A.2) that
generate a 1030 bp PCR fragment and (2) IRS242up and IRS242dwn (sequences in Table
A.2) that generate an 840 bp PCR fragment. PCR products were purified using Prep-AGene DNA Purification System (BioRad, Hercules, CA), following manufacturer’s
instructions. The PCR products were then sequenced using an ABI PRISMTM dye
terminator terminal sequencing system, available through Perkin-Elmer Corporation (Foster
City, CA). Reactions were analyzed using an ABI Prism 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA).
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H. The Construction of pDR0167
A PCR fragment encoding the irrE gene (DR0167) of D. radiodurans R1 was
amplified directly from purified chromosomal DNA using a pair of primers derived from
the published sequence of the R1 genome (http://www.tigr.org/tigrscripts/CMR2/GenomePage3.spl?database=gdr). Primers DR0167up and DR0167down
(sequences in Table A.2) were designed for amplification and cloning of the irrE coding
sequence into the GATEWAY cloning system (Life Technologies, Rockville, MD). The
irrE-containing PCR fragment was inserted directly into the vector pDONRTM201 (Life
Technologies, Rockville, MD) to generate the construct pDR0167. The insert was
sequenced and found to be identical to that of locus DR0167 in the TIGR database.
I. In Vitro Transposition
An in vitro transposition protocol (53) developed specifically for use with D.
radiodurans was used to disrupt the irrE coding sequence in D. radiodurans R1. Twenty
nanograms of purified, circular pGTC101, a derivative of pGPS3, were combined with
commercially available TnsABC* transposase (New England Biolabs, Beverly, MA), and
pDR0167 (4:1 molar ratio pGTC101: pDR0167). The transposition reaction mixture was
transformed by heat shock into approximately 5 x 105 cfu of DH5αMCR. Successful
transposon insertions into the target were selected by plating the transformed cells onto
LB medium containing 25 µg/ml chloramphenicol. Seventy of the CatR colonies were
picked and the plasmids they carried isolated. These plasmids were digested with a
combination of ApaI and PstI to release the gene of interest from the vector. Digestions
were separated on 1% agarose and stained to confirm that the transposon had inserted
into irrE.
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One microgram of ApaI linearized plasmid was added to competent cultures of D.
radiodurans R1 (approximately 1 x 107 cfu/ml). After an eight-hour incubation, 300 µl
of the transformation mixture was plated onto TGY agar plates containing 5 µg/ml
chloramphenicol. Individual colonies were used to inoculate TGY broth containing 5
µg/ml chloramphenicol and cultures were grown to stationary phase. One hundred
microliters of this broth culture was used to inoculate TGY broth containing 10 µg/ml
chloramphenicol and cultures were grown to stationary phase. This culture was diluted
(1 in 106) and plated on TGY agar containing10µg/ml chloramphenicol. Transposon
insertions into irrE were verified using PCR. The set of primers designed to amplify
irrE, DR0167up and DR0167down, was combined with a primer (Primer S) that anneals
within the transposon as described previously. The full length 1045bp fragment
corresponding to the amplified irrE sequence could not be detected when all three
primers were present. However, a shorter (650bp) fragment was obtained indicating that
the transposon had inserted into irrE. This short fragment had a sequence identical to the
3’ end of DR0167. The transposon inserted between nucleotides 459-460 of the irrE
coding sequence. The strain containing the disruption was designated LSU2030.
J. Pulsed Field Gel Electrophoresis
Irradiated and un-irradiated exponential phase deinococcal cultures were
concentrated 10X by centrifugation and washed in butanol saturated 0.5 M EDTA (pH
8.0). The butonal-stripped cells were concentrated again by centrifugation and resultant
cell pellets were re-suspended in 0.5 M EDTA (pH 8.0) and incubated at 65oC for 30
minutes. After an additional centrifugation, cell pellets were re-suspended in 0.05 M
EDTA (pH 8.0) before an equal volume of 1.6% low-melting point agarose (Type 1-A:
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Low EEO, Sigma, St. Louis, MO) dissolved in 1X TBE (0.1 M Tris, 1 M boric acid, 2
mM EDTA, pH 8.3 ) was added to cell mixtures. Cell suspensions were then quickly
pipetted into plug plastic molding (BioRad, Hercules, CA) and allowed to solidify for 15
minutes. The plugs containing the embedded cells were then incubated at 40oC overnight
in a lysozyme solution (2mg lysozyme [Sigma, St. Louis, MO] per ml of 0.05 M EDTA).
Lysozyme treated plugs were carefully transferred into a NDK solution (0.01 M TrisHCl, 1% lauryl-sarcosine) containing 2 mg/ml proteinase K and incubated at 40oC
overnight. In preparation for restriction enzyme digestion plugs were briefly washed in
0.05 M EDTA to remove the proteinase K solution and incubated in TE (Tris EDTA pH
7.0) for 10 minutes at room temperature. Plugs were then transferred into a solution
containing the protease inhibitor PefaBloc SC (1 mg/2ml TE pH 7.0 [Sigma, St. Louis,
MO]) and incubated at 37oC for 2 hours. The treated plugs were then washed in TE
buffer by incubating at room temperature for 10 minutes (pH 7.0). The wash step was
repeated three times. The enzyme reaction mix was made by combining 1/10 volume
10X enzyme reaction buffer #3 (New England Biolabs, Beverly, MA), 1/100 volume
100X bovine serum albumin (New England Biolabs, Beverly, MA) and de-ionized water.
After plugs were transferred into tubes containing the enzyme reaction mix 2 µl of NotI
enzyme (New England Biolabs, Beverly, MA) was added to each. Reactions were
incubated at 37oC overnight. Enzyme treated plugs were briefly washed in 0.5 M TBE
before they were cut to size for loading into the wells of a 1% agarose (Type IB) gel
made in 0.5 X TBE solution. The gel was placed into a Clamped Homogeneous Electric
Fields (CHEF) – DR II apparatus (BioRad, Hercules, CA) and run in 0.5X TBE at 60
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volts per centimeter2 at 12oC with a 10 to 60 second ramp for 22 hours. Gels were
stained with ethidium bromide for viewing.
K. Quantitative Real-time PCR and Microarray Culture Treatment
1. Ionizing Radiation
Only D. radiodurans cultures in exponential growth (106 – 107 cfu/ml) were used in
all microarray experiments. To generate ionizing irradiated samples for quantitative realtime PCR and microarray analyses, one liter cultures were irradiated at room temperature at
the rate of 30 Gy/min (Model 484R 60Co irradiator [J. L. Shepherd & Associates, San
Fernando, CA]) until the desired dose was achieved. Irradiated samples were returned to
a 30oC shaker until the 0, 0.5 or 1 hour time point post irradiation had elapsed. Cells
were collected by centrifugation at 8,000 rpm at 4oC for 10 minutes. Cell pellets were
transferred to RNase-free micro-centrifuge tubes and pelleted again by centrifugation at
13,000 rpm at room temperature for 2 minutes. Cells were disrupted and RNA extracted
as described in RNA Isolation for Quantitative Real-Time PCR and Microarray Analyses.
Due to the location of the irradiator in proximity to the laboratory where all strain
manipulations were performed, RNA isolations could not take place immediately
following irradiation. Each time point was normalized to 20 minutes, allowing time for
the transfer of irradiated cultures. Therefore, the 0, 0.5 and 1 hour time points actually
represent 20, 50 and 80 minutes post irradiation, respectively. Non-irradiated cultures
were treated as described above, but with no irradiation.
2. Desiccation
To generate desiccated samples for quantitative real-time PCR and microarray
analyses one liter exponential phase cultures were pelleted by centrifugation at 8,000 rpm at
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4oC for 10 minutes. Cell pellets were transferred to RNase-free micro-centrifuge tubes
and pelleted again by centrifugation at 13,000 rpm at room temperature for 2 minutes.
Visible residual media was pipetted from the cell pellet and opened tubes were placed
inside a sterile petri dish which was then sealed inside a desiccator containing anhydrous
CaSO4. The relative humidity within the sealed desiccator was measured by a membrane
hygrometer stationed inside; the desiccator maintained less than 5% relative humidity
throughout a 2 week period at room temperature. Two-week desiccated cells were reconstituted by adding 500 µl of 30oC pre-warmed TGY broth followed by intermittent
pipetting with a wide bore pipet and agitation by slow vortexing for 20 minutes. The 20
minute period of re-hydration served two purposes: 1) it allowed time for the dried pellet
to once again go into solution and 2) it mimicked the 20 minute period used to normalize
the time points for the irradiated cultures. The re-hydrated cells were then transferred
into 1 liter flasks of 30oC pre-warmed TGY broth and placed into a 30oC shaker until the
0, 0.5 or 1 hour time point post re-hydration had elapsed. Cells were collected by
centrifugation at 8,000 rpm at 4oC for 10 minutes. Cell pellets were transferred to
RNase-free micro-centrifuge tubes and pelleted again by centrifugation at 13,000 rpm at
room temperature for 2 minutes. Cells were disrupted and RNA extracted as described in
RNA Isolation for Quantitative Real-Time PCR and Microarray Analyses. Since the goal
of the desiccation expression profile was to identify genes that are differentially
expressed as the result of desiccation and not pipeting/vortexing, the un-desiccated
sample had to be prepared similarly. One liter cultures of normal, un-desiccated
exponential phase cells were also collected by centrifugation at 8,000 rpm at 4oC for 10
minutes and transferred and pelleted in RNase free micro-centrifuge tubes as if they were
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being prepared for drying. However, they were not dried and immediately re-suspended
in 500 µl of 30oC pre-warmed TGY broth by intermittent pipetting with a wide bore pipet
and agitation by slow vortexing for 20 minutes. The re-suspended cells were then
transferred into 1 liter flasks of 30oC pre-warmed TGY broth and then immediately recentrifuged at 8,000 rpm at 4oC for 10 minutes. Cell pellets were transferred to RNasefree micro-centrifuge tubes and pelleted again by centrifugation at 13,000 rpm at room
temperature for 2 minutes. Cells were disrupted and RNA extracted as described in RNA
Isolation for Quantitative Real-Time PCR and Microarray Analyses.
L. RNA Isolation for Quantitative Real-time PCR and Microarray Analyses
Total RNA was extracted from one liter cultures of irradiated and non-irradiated
exponential phase D. radiodurans cultures using TRI ReagentTM, (Molecular Research
Center, Cincinnati, OH) following manufacturer’s instructions. Cell disruption was
accomplished by adding 100 µl of 0.1mm zirconia/silica beads (Biospec Products,
Bartlesville, OK) and TRI Reagent to the cell paste from one liter of cells and vigorously
agitating this mixture for 6 min with a vortex mixer. Total RNA from each sample
condition was treated with 10 units DNase I (Ambion, Austin, TX) and purified using
RNeasy Minikit columns (QIAGEN, Valencia, CA). RNA quality and quantity were
evaluated spectrophotometrically by determining absorbance of 260 nm and 280 nm
light.
M. Quantitative Real-time PCR
Two micrograms of each DNase I-treated, purified RNA sample were converted
to cDNA using SUPERSCRIPT IITM RNase H- Reverse Transcriptase (Invitrogen,
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Carlsbad, CA) combined with 25 pmol of random hexamers to initiate synthesis.
Conditions for this reaction followed the manufacturer’s instructions.
Approximately 100 bp of unique sequence from the genes of interest were
amplified using the following primer sets: DR2340up and DR2340dwn, DR1343up and
DR1343dwn, DR0003up and DR0003dwn, DR0070up and DR0070dwn, DR0326up and
DR0326dwn, DR0423up and DR0423dwn, DRA0346up and DRA0346dwn (sequences
in Table A.2). The PCR reaction (50 µl) for amplifying these genes contained the
appropriate primers at a final concentration of 0.2 µM, 1 µl of the cDNA template and
SYBR Green PCR Core Reagents (Applied Biosystems, Foster City, CA).
Amplifications were carried out by incubating reactions at 95oC for 3 minutes prior to 40
cycles of 30 seconds at 95oC followed by 30 seconds at 65oC and 72oC for 30 seconds.
Data was collected and analyzed at each 72oC interval. Amplification was followed by
melting curve analysis consisting of 80 cycles of 55oC at 10 second intervals with 0.5oC
increments per cycle. Reactions were then held at 23oC until analysis.
Each 96-well plate consisted of standard curves for each primer set run in
duplicate. Standard curves were constructed using cDNA obtained from the un-irradiated
wild type organism. A dilution series (1 - 1 x 10-4) of each experimental sample was
generated and run in duplicate. Negative controls without cDNA template were run on
every plate analyzed.
All assays were performed using the iCycler iQTM Real-Time Detection System
(Bio-Rad, Hercules, CA). All data was PCR baseline subtracted before threshold cycle
values were designated and standard curves were constructed. Mean concentrations of
each transcript in each sample were calculated from the standard curves generated using
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the each primer set. Induction levels were determined by dividing the calculated
concentration of the irradiated sample by the concentration of the unirradiated sample for
each strain. The mean concentration of the glyceraldehyde 3-phosphate dehydrogenase
(gap) transcript, a housekeeping gene whose expression is unaffected by ionizing
radiation, was also determined before and after irradiation for each strain.
N. Microarray Preparation and Analysis
1. Open Reading Frame (ORF) Amplification
Genomic DNA from the R1 strain of Deinococcus radiodurans sequenced at The
Institute for Genomic Research (TIGR) was used as a template. Oligonucleotide pairs
(melting temperature 55°C) were designed to represent internal portions of genes where
possible so that the expected product was between 100 and 800 base pairs. Twenty
nanograms of genomic DNA were used as a template for PCR using Perkin-Elmer Taq
DNA polymerase (Wellesley, MA) in a total volume of 100 µL in 96-well microtiter
plates; 0.2 µmol of each gene-specific primer was used. Gene segments were amplified
using the following parameters for 35 cycles: 1 min at 95°C, 1 min 55°C, 1 min 72°C.
Products were purified using Millipore Multiscreen-PCR 96-well filtration plates
(Billerica, MA). PCR products were visualized using agarose gel electrophoresis. PCR
amplification was repeated if the resultant PCR reactions contained less than 10 µg of
product or more than one band was detected.
2. Arraying Procedure and Pre-hybridization Treatment of Slides
PCR products (in 50% dimethylsulfoxide, 20 mM Tris-HCl, and 50 mM KCl, pH
6.5) were spotted onto 25x75-mm glass microscope slides (SuperAmine amino-silane
coated slides; Telechem International [Sunnyvale, CA]) using the Molecular Dynamics
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Generation III Array Spotter (Amersham Biosciences, Piscataway, NJ). The humidity
was maintained at ∼50% during printing. After printing, the slides were air dried for 30
minutes before the DNA was cross-linked to the surface by short-wavelength UV using a
Stratagene Stratalinker (La Jolla, CA) and then were stored in a desiccated chamber.
Before use in hybridization, each arrayed slide was soaked for 1 hour at 42°C in 50 mL
of 5X SSC (0.75 M NaCl, 0.075 M sodium citrate), 0.1% SDS, and 1.0% bovine serum
albumin, washed four times in MilliQ (Millipore, Bellerica, MA) water and three times in
isopropanol, and dried with compressed air.
3. Probe Preparation
Random primers were annealed to 2 µg of total RNA in a total volume of 18.5 µl
by heating the reaction mixture at 70°C for 10 min, then freezing in dry ice-ethanol bath
followed by a 2 minute centrifugation. To this reaction mixture, 6 µl of First Strand
Reverse Transcriptase Buffer (Invitrogen, Carlsbad, CA), 3 µl of dithiothreitol, 0.6 µl of
50X deoxynucleotide triphosphate mixture (25 mM each of dATP, dCTP, and dGTP, 10
mM dTTP [New England Biolabs, Beverley, MA] and 15 mM amino-allyl dUTP [Sigma,
St. Louis, MO]), and 2 µl of Superscript II reverse transcriptase (Invitrogen, Carlsbad,
CA) were added. The reaction mixture was then placed into a 42°C water bath overnight.
Following this incubation, the reaction was hydrolyzed by adding 10 µl of 1M NaOH and
10 µl of 0.5M EDTA, and incubated at 65°C for 15 min. This solution was then
neutralized by the addition of 25 µl of 1M Tris pH 7.4. The cDNAs were then purified
with Qiagen QIAquick PCR purification columns (QIAGEN, Valencia, CA) using the
following modified method. The cDNA reactions were mixed with 400 µl of PB buffer
(QIAGEN, Valencia, CA), transferred to Qiaquick columns (QIAGEN, Valencia, CA)
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and centrifuged for 1 minute at 12,000 rpm. The filters were then washed with 750 µl of
phosphate wash buffer (5 mM KPO4 pH 8.0, 80% ethanol) and centrifuged for 1 min at
12,000 rpm. The wash was repeated and the tubes were centrifuged for an additional
minute at 12,000 rpm to remove any remaining wash buffer. The columns were
transferred to new tubes and the cDNAs were eluted by adding 30 µl of 4mM KPO4 pH
8.5 to each filter, incubating for 1 minute and centrifuging at 12,000 rpm for 1 minute.
The eluted samples were then dried in a Savant Speed-Vac (GMI, Albertville, MN) to
completion. The dried cDNAs were then re-suspended in 4.5 µl of 0.1 M carbonate
buffer pH 9.0 before the addition of 4.5 µl of either NHS-Cy5 or NHS-Cy3 dye
([Amersham Biosciences, Piscataway, NJ] lyophilized dyes were re-constituted in 73 µl
of dimethylsulfoxide before use). Indirect labeling took place at room temperature for 1
hour in the dark. The resultant probes were then purified from uncoupled dye using
Qiaquick PCR purification columns (QIAGEN, Valencia, CA) and the following
modified method. The probes were first mixed with 35 µl of 100 mM NaOAc pH 5.2 and
500 µl of PB buffer (QIAGEN, Valencia, CA). The standard Qiagen PCR purification
protocol was followed until elution. Dye-coupled cDNAs (probes) were eluted in 100 µl
of EB buffer (QIAGEN, Valencia, CA).
4. Hybridization and Washes
Prior to hybridization, the eluted probes were dried to completion in a Savant
Speed-Vac (GMI, Albertville, MN) and re-suspended in a 30 µl volume (50%
formamide, 5X SSC, 0.1% SDS, and 100 µg salmon sperm DNA/ml). Mixtures were
heated for 5 minutes at 95°C, centrifuged for 2 minutes at 12,000 rpm. Cy5 and Cy3
labeled probes of interest were combined and thoroughly mixed by pipetting. The
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combined probe pair was then added to a pre-hybridized slide under a glass cover-slip.
The slide was then placed at 42°C for 16 hours in a sealed hybridization chamber
humidified with 20 µl of 5X SSC. The arrays were then washed once at 55°C in a
solution of 2X SSC and 0.1% SDS for 5 minutes, once in 0.1X SSC and 0.2% SDS for 5
minutes at room temperature, and three times in 0.1X SSC for 2 minutes at room
temperature. Following a final rinse in MilliQ water the slides were dried with
compressed air. Slides were stored in a desiccated chamber until scanning.
5. Analysis
The hybridized arrays were then scanned on Genepix 4000 (Axon, Union City,
CA) with the excitation lasers at full power and a photomultiplier setting of 90% with a
separate scan for each fluorophore (i.e., Cy3 or Cy5). The algorithm used to identify
spots, calculate background, and quantitate fluorescent signals involved processing the
entire image to allow a grid to be generated around each array element. Local
background levels were determined, and signals representing spots smaller than a userdefined size were discarded as noise. Only spots with a reference fluorescence signal at
least three times the local background were accepted for quantification. Spots above the
background and size threshold located near the center of the grid were taken to be real
and used to generate Cy3 and Cy5 signals as well as Cy5/Cy3 ratios. Finally aberrant
values were removed from the data set. Reasons for discarding array elements readings
were as follows: no signal, weak signal, slide problems, and aberrant values.
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II. Bacterial Strains and Plasmids
Table A.1. Descriptions of bacterial strains and plasmids used in this study.
Description

Source or reference

D. radiodurans
R1

ATCC 13939

(5)

302

R1 but uvrA1

(141)

IRS24

302 but irrE1

(128)

AE1012

IRS24 but irrE+

(52)

LSU2030

R1 but irrE2::TnDrCat

(52)

LS18

R1 but streptomycin resistant

(192)

GY10912

R1 but lexA::kan

(21)

E. coli
DH5α-MCR

F mcrA ∆(mrr-hsdRMS-mcrBC) Φ80
lacZ∆15 ∆lacX74 endA1 recA1

Invitrogen, Inc.
Grand Island, NY

deoR ∆(ara-leu) 7697 araD139 galU
galK nupG rpsL

Plasmids
pGEM-T

Promega, Madison, WI

pDONRTM201

Invitrogen, Carlsbad, CA
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pMM1

pWE15::irrE+ ~40 kb cosmid clone from

(52)

D. radiodurans R1
(chromosome I positions 147109-187431)
pMM2

pWE15::irrE+ ~39 kb cosmid clone from

(52)

D. radiodurans R1
(chromosome I positions 149888-189320)
pMM3

pWE15::irrE+ ~38 kb cosmid clone from

(52)

D. radiodurans R1
(chromosome I positions 160082-197803)
pMM4

pWE15::irrE+ ~37 kb cosmid clone from

(52)

D. radiodurans R1
(chromosome I positions 169702-198400)
pMM5

pWE15::irrE+ ~38 kb cosmid clone from

(52)

D. radiodurans R1
(chromosome I positions 142682-180444)
pUvrA1

pGEM-T derivative with 3441bp of uvrA1

(53)

and its adjacent region (AmpR)
pDR0167

pDONRTM201 derivative with irrE coding sequence

pGPS3

ampR, kanR

(52)
New England

Biolabs, Beverly, MA
pGTC101

pGPS3 derivative with a TnDrCat insert;
catR, kanR ampR
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(53)

III. Primer Sequences
Table A.2
Primer Name
IRS241up
IRS241down

Primers used in this study
Primer Sequence
5’-CACCCCTTGCTTCGCAAGGCCTTCTCTGC-3
5’-CTTCCATGCCCGTGGCGAGGGCAAGCGCCG-3’

IRS242up
IRS242down

5’-GGTAAGTGGCGGGTTGTTTGGTCTGGAGGC-3’
5’-CGTAGAGCGCCGACGACGCGCTGACTTCGG-3’

DR0167up
DR0167down

5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTGCC 3’
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTTCACTG 3’

Primer N
Primer S

5’ ACTTTATTGTCATAGTTTAGATCTATTTTG 3’
5’ ATAATCCTTAAAAACTCCATTTCCACCCCT 3’

DR2340up
DR2340dwn

5’GTCAGCACCGGCAGCCTCAGCCTTGACCTC 3’
5’GATGGCGAGGGCCAGGGTGGTCTTGC 3’

DR1343up
DR1343dwn

5’CTTCACCAGCCGCGAAGGGGCCTCCAAGC 3’
5’GCCCAGCACGATGGAGAAGTCCTCGCC 3’

DR0003up
DR0003down

GTGCGGAGAGGGATGAATGAAGCGATGG
GAACAGGTAGCCCGCAGCGAGCGCCAGAGC

DR0070up
DR0070down

GAACGTGGAGCATGAAAGCCGGTTGCTGG
CCAGTCGAAGTCGGCCTCGTTCTCGATGG

DR0326up
DR0326down

GCTGCTGCAACTCGCGGCGTACATGAAGG
CGTTTCGCCCTTGCTGGTGACGACTTCCG

DR0423up
DR0423down

GGTGCAGGACCGACTCGACGCCGTTTGCC
CCTCGCGGGTCACGCCGAGCACGGTCAGG

DRA0346up
DRA0346down

GAGCACGGCGGGCGTGGACAGCCAGATCG
CAGCCGCGCCTCATGGCGCAGGTGGTGCAG
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APPENDIX B- GENE DESCRIPTIONS
I. Induced Genes
A. Protein Fate
1. DR1114
A gene encoding a heat shock protein belonging to the Hsp20 family was induced
as much as 11-fold in response to ionizing radiation. The proteins in this family are
characterized by their smaller size (12-43 kDa) and are often called the small heat shock
proteins (sHsp). The sHsps are not as well conserved as the heat shock proteins found in
other families (i.e., Hsp70 or Hsp33) and are closely related to an abundant protein found
in the vertebrate eye called α-crystallin (93). Both α-crystallins and sHsps function as
molecular chaperones in eukaryotic systems (89, 96) preventing aggregation and
misfolding of proteins. Members of this family are induced upon heat shock treatment,
nucleotide depletion and DNA damage in yeast (185). However, there is no current
evidence in any system that members of this class of proteins are essential under normal
or stressed conditions.
2. DR1849
A gene encoding a protein with 60% similarity to E. coli’s peptide methionine
sulfoxide reductase, MsrA, was induced in response to ionizing radiation. One of the
amino acids most easily oxidized in proteins is methionine. Once oxidized, this altered
residue can readily convert to a methionine sulfoxide and consequently result in loss of
protein function (23). Incubation with MsrA was found to restore activity to oxidized
proteins in vitro (24). In vivo analysis of msrA demonstrated that its expression in E. coli
is not induced by treatment with oxidative agents such as hydrogen peroxide, but does
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increase during entry into stationary phase. Loss of this protein does, however, sensitize
E. coli to hydrogen peroxide (142) suggesting that the ability to restore function to
oxidized proteins is a necessary component of E. coli’s response to H2O2.
3. DR1459
DR1459 encodes a protein with 51% similarity to a probable secreted peptidase in
Streptomyces coelicolor, but is annotated as a serine protease in the subtilase family of
proteases. DR2325 is annotated as encoding the N-terminal portion of a serine protease
in the subtilase family as well and is most similar (57%) to an alkaline serine protease
found in Vibrio cholerae. Serine proteases are characterized as having a highly reactive
serine residue in their active sites that can interact with and initiate the degradation of
various proteins. Typically, proteases function to degrade mis-folded or damaged
proteins by recognizing a specific region of amino acid residues (i.e., hydrophobic) that
are not commonly associated with proper protein folding (203). The ATP-dependent
serine protease, Lon, has been extensively studied in E. coli. This protein is not only
responsible for the quality control of cytosolic proteins, but also functions to regulate
normal cellular growth by degrading short-lived regulatory proteins whose constitutive
presence is detrimental to the cell (69, 149). The putative proteases encoded by DR1459
and DR2325 could function similarly to MsrA in ridding the cell of oxidized or damaged
proteins and/or function as regulators of other proteins synthesized in D. radiodurans’
response to stress.
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B. Regulation
1. DR0997
There are four putative transcriptional regulators induced in response to ionizing
radiation. DR0997 shares 42% amino acid similarity to the cyclic AMP receptor protein
(CAP) of E. coli. CAP is a global transcriptional regulator involved in both repression
and activation of genes involved in the utilization of various carbon sources (26). In E.
coli, the expression of CAP itself is auto-regulated and its activity is dependent on
intracellular levels of cyclic AMP (94). When cAMP is absent or levels are sufficiently
low CAP cannot bind to its specific DNA targets and therefore CAP regulated genes are
unaffected (114). Although there is no published account of CAP being deleted or
disrupted in the E. coli chromosome there are reports of single site mutations that confer
altered binding specificity and constitutive activation of CAP (114). In one report a site
specific mutant proved lethal to E. coli due to increased non-specific binding which
presumably interfered with other essential processes (119). In addition to its carbon
utilization role CAP is part of the mechanism that regulates rpoS expression in E. coli
(118). rpoS encodes transcription factor sigma S that controls the expression of a large
number of genes involved in E. coli’s response to a variety of stresses including cold and
heat shocks and the presence of oxidative DNA (35, 56). However, D. radiodurans does
not possess an obvious rpoS homologue and the role of the deinococcal CAP homologue
in D. radiodurans’ ability to grow on alternate carbon sources or in its’ ability to mount
an appropriate stress response remains to be tested.
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2. DR1082
The closest BLAST matches to DR1082 (annotated as light repressed protein A)
were to sigma 54 modulation proteins in Bacillus anthracis and E. coli with 57% and
47% amino acid similarity, respectively. It was recently shown using 2-dimensional gel
electrophoresis that a light repressed protein A homolog was induced in Bacillus cereus
during biofilm formation (151). Although the exact function of this protein is unknown it
is most closely related to a general stress response protein in B. subtilis and groups with
the sigma 54 modulation protein family. In B. subtilis these proteins are shown to be
highly induced in response to various environmental stresses and energy depletion (59).
The precise role of this protein in D. radiodurans’ response to ionizing radiation has yet
to be determined.
3. DR2338
DR2338 shares 47% amino acid sequence similarity to the CinA protein of
Clostridium perfringens. Cin stands for competence inducible and although the precise
function of CinA is unknown it is often organized in an operon with the competencerequisite recA gene (136) and is controlled by a presumed alternate sigma factor called
ComX (110). ComX binds to the cin-box sequence motif which is found upstream of
competence specific operons (29). The deinococcal cinA gene is in a three gene operon
including recA and ligT (2’-5’ RNA ligase). All three genes (cinA-ligT-recA) are upregulated in D. radiodurans in response to ionizing radiation, but an in-frame deletion of
the cinA gene from this operon has no effect on the cell’s ability to grow or to survive
ionizing radiation (21).
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4. DR2574
DR2574 has 73% amino acid sequence similarity to the TrbA protein of E. coli.
TrbA along with a number of other proteins including KorB, regulate plasmid-encoded
genes involved in conjugative transfer in E. coli (209). TrbA contains a helix-turn-helix
(HTH) motif at its N-terminus and represses genes by cooperative interaction with the
KorB protein (208). The HTH motif identified in DR2574 may indicate that, like TrbA,
this protein functions as a transcriptional repressor. The observed increase in this
presumed repressor may indicate that this protein is responsible for the repression of the
fifteen genes down-regulated in D. radiodurans’ response to ionizing radiation. This
assertion can only be addressed with further investigation.
C. Metabolism
1. DR0970, DR0971 and DR1091
The transcription of seven genes involved in metabolism and energy acquisition
were induced after 3,000Gy ionizing radiation. DR0970, DR0971 and DR1091 are all
likely involved in the electron transport chain as they encode two subunits (alpha and
beta) of an electron transfer flavoprotein and glycerol 3 phosphate dehydrogenase,
respectively. Flavoproteins are critical components of cellular respiration as these
proteins possess co-enzymes (i.e., flavin adenine dinucleotide) capable of carrying out the
redox reactions necessary for the transfer of electrons throughout the respiratory chain.
In aerobic systems, these transferred electrons get passed along the respiratory chain to
O2, the final electron acceptor, effectively setting up the electrochemical proton gradient
necessary to drive ATP synthesis (193). Glycerol 3 phosphate dehydrogenase (G3PD)
binds the cell membrane (107, 199) along with other electron transport chain components
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and catalyzes the conversion of glycerol 3 phosphate to dihydroxyacetone phosphate
which can then enter the glycolytic pathway (9). G3PD transfers 2 electrons and 2
protons into the electron transport chain at a side branch at ubiquinone as a result of this
conversion. G3PD expression is tightly regulated in E. coli (205) as overexpression
depletes glycerol 3 phosphate stores and results in imbalance in phospholipid production
(64). The induction of these genes may indicate that D. radiodurans is directing
resources like glycerol 3 phosphate to the creation of ATP for repairs.
2. DR2195
DR2195 is a putative alpha-glucan phosphorylase and is induced at all three time
points examined relative to the unirradiated R1 sample. DR2195 is most closely related
to the alpha-glucan phosphorylase of Thermus thermophilus with 56% amino acid
similarity. This enzyme appears to be ubiquitous among all known species of bacteria,
but of the characterized alpha-glucan phosphorylases to date the one expressed in T.
thermophilus exhibits properties that are quite unique (19). The enzyme of T.
thermophilus has less specificity, acting upon glycogen stores with maximal activity seen
in early log phase (18). It has been suggested that this enzyme belongs to a class of
proteins that are induced when cells recover from limited growth conditions (174); the
rapid degradation of glycogen could provide the cell with adequate ATP supplies for
energy-expensive cellular processes such as protein synthesis needed for adaptation (18).
Perhaps, the deinococcal alpha-glucan phosphorylase is up-regulated to act in a similar
manner; the increase in protein synthesis needed to effect repairs following ionizing
radiation could be met with increased ATP supplies provided by degradation of some
storage compound. D. radiodurans does possess what are believed to be inclusion bodies
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that contain polysaccharides. It would be interesting to determine if these inclusion
bodies decrease in size following ionizing radiation as a result of increased
polysaccharide consumption.
3. DR2594
DR2594 is annotated as a putative magnesium protoporphyrin chelatase.
Chelatases are responsible for the insertion of metals into tetrapyrroles. Magnesium
chelatases are specific for photosynthetic organisms (74) and are responsible for the first
step of chlorophyll and bacteriochlorophyll biosynthesis by catalyzing the insertion of
magnesium into protoporphyrin IX (70-72). Although Deinococcus radiodurans is not a
photosynthetic bacterium it does contain phytochrome-like proteins (45) which were also
originally thought to be only associated with organisms that carry out photosynthesis.
These bacteriophytochromes are now thought to function as a photosensory system which
helps to protect the cell from visible light. The bacteriophytochrome in D. radiodurans
does bind linear tetrapyrroles albeit through a distinct attachment and appears to function
as a histidine kinase (45). Perhaps the magnesium chelatase in D. radiodurans is also
responsible for the formation of this complex. The importance of this sensory system in
terms of D. radiodurans’ radioresistance must be investigated.
4. DR2374
DR2374 is most closely related to the ribonucleoside-diphosphate reductase of
Pyrococcus horikoshii. The nrd gene product is critical for the synthesis of the four DNA
precursors dATP, dGTP, dCTP, and dTTP; this reductase catalyzes the first step of
deoxyribonucleotide synthesis in the conversion of all four ribonucleoside diphosphates
to 2’-deoxyribonucleoside diphosphate (189). Increases in nrd synthesis are regulated at
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the transcriptional level and are seen whenever there is a decrease in the ratio of DNA to
cellular mass (60-62). The cessation of DNA synthesis and concomitant export of DNA
in the form of oligos and single nucleotides seen after D. radiodurans’ exposure to
ionizing radiation would certainly decrease this ratio and therefore likely cause the
observed increase in nrd synthesis.
5. DR2206
The beta subunit of citrate lyase is also induced in response to ionizing radiation.
Citrate lyase carries out the initial step in citric acid metabolism, cleaving citrate to form
acetate and oxaloacetate (180) and in the presence of ATP the reaction is carried out as
follows: citrate + CoA + ATP Æ oxaloacetate + ADP + Pi + acetyl-CoA (181).
Depending on the organism, this process can take place during both anaerobic and
aerobic growth (22, 121) and is positively regulated by the cyclic-AMP receptor protein
(130). Although there is no literature implicating citrate lyase in any bacterium’s
response to stress, one study saw the level of this enzyme increasing in plants infected
with pathogenic bacteria (181). The authors conclude that the up-regulation is seen as an
effort by the plant to increase synthesis of compounds that will then protect them against
further pathogen attack; the by-products of the citrate fermentation may serve as better
precursors for the synthesis of these compounds than those derived from other metabolic
pathways. The increase of this enzyme in D. radiodurans is intriguing and its purpose
will require further investigation.
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D. RNA Processing
1. DR2010
DR2010 encodes a putative 16S rRNA processing protein, RimM. This gene is
induced 3-fold at the 0 hour post 3,000Gy time point relative to the un-irradiated sample
and shares 52% similarity at the amino acid level to the E. coli RimM protein. The rimM
gene of E. coli is located within an operon encoding proteins involved in translation and
includes ribosomal proteins and a tRNA methyltransferase (28). When rimM is deleted
from the E. coli chromosome the mutant strain exhibits a seven-fold slower growth rate, a
translational deficiency and reduced energy utilization efficiency (27). The RimM
protein binds free ribosomal 30S subunits and appears to be partly responsible for
efficient processing of the 16S rRNA. (27). Protein synthesis is requisite for recovery of
deinococcal cells following exposure to ionizing radiation; therefore, an increase in
proteins responsible for ribosome biogenesis would not be surprising.
2. DR2339
DR2339 encodes a putative 2’-5’ RNA ligase that shares 45% similarity at the
amino acid level to the RNA ligase of E. coli. E. coli’s 2’-5’ RNA ligase is thought to
discriminate among and act upon different tRNA or tRNA-like molecules in vivo by
recognizing modified nucleosides within these molecules (7). It is still not known
whether the ligase initiates a ligation or cleavage reaction in these substrates or what role
this activity may have, but under normal conditions inactivation results in no discernable
phenotype (7). However, over-expression of the protein can lead to toxicity suggesting
that this protein interacts with necessary components of cellular growth (7). Deletion of
this gene in D. radiodurans also does not appear to affect the cells ability to grow or
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recover from ionizing radiation (21). The reason for the increase in transcript may be due
to proximity effects; DR2339 is in an operon with the cinA (DR2338) and recA genes
(DR2340).
E. Protein Synthesis
1. DR0101
Interestingly, the mRNA level of only one ribosomal protein is increased after
ionizing radiation. S18 is one of 21 proteins that along with one molecule of 16 S rRNA
comprise the 30 S subunit of the bacterial ribosome (86, 191). S18 is among the class of
secondary proteins in this group requiring the association of the primary ribosomal
proteins for assembly onto the ribosomal RNA. Although, there is only limited literature
that discusses this specific protein there is some evidence in higher eukaryotes of the upregulation of S18 being important for an increase in translational efficiency during
development and healing (194).
F. Transport
1. DR1440
Three genes involved in membrane transport are also induced in D. radiodurans’
response to ionizing radiation. DR1440 is the most highly induced transporter and is
annotated as a cation-transporting ATPase (P-type). These integral membrane proteins
are seen in all kingdoms and possess both highly conserved and diverse domains (68,
154, 172); the variation in the amino acid composition gives each ATPase its functional
diversity while the conserved regions are critical for overall function. These transporters
became of considerable interest when a defect in a human homolog of a P-type ATPase
was shown to cause the inherited Menkes disease which is characterized by skeletal
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deformities and severe retardation (25). Patients are unable to take up essential copper
from their intestines and therefore suffer from chronic copper insufficiency (82). P-type
ATPases are also important for many bacterial processes including pH homeostasis,
maintenance of turgor and intracellular ion composition (109, 175).
2. DRA0135
DRA0135 is a member of the ABC transporter superfamily (32, 75). There have
been greater than 80 proteins identified that belong to this family and these are
responsible for the transport of a wide variety of substrates across the cellular membrane
including amino acids, sugars, inorganic ions polysaccharides, peptides and proteins (88).
The ATP-binding cassette (ABC) that each transporter possesses is necessary for the
requisite ATP hydrolysis used to transport the substrate across the cellular membrane
(88). The archetypal ABC transporter possesses four separate domains or subunits, two
of these span the membranes multiple times while the other two make contact with the
cytoplasm and are critical for nucleotide (ATP) binding (31). Additional information
provided by the TIGR website predicts that DRA0135 is actually in a gene cluster with
its other three transporter constituents, DRA0136, DRA0137 and DRA0138. DRA0136
and DRA0138 are both membrane proteins while DRA0137 contains the ATP binding
cassette and DRA0135 is the predicted binding protein. Based on sequence homologies
to other known transporters the complex assembled from these four proteins is probably
necessary for the transport of amino acids. Perhaps DRA0135 encodes the limiting factor
in the assembly of this complex as it is the only member whose mRNA synthesis was
increased above threshold.
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3. DR1709
DR1709 is annotated as an integral membrane protein belonging to the NRAMP
family. NRAMP (natural resistance-associated macrophage protein) was first identified
in mammalian systems as a protein that gave macrophages the ability to control bacterial
and protozoal replication (115). It has since been shown that these transporters are found
throughout nature and are characterized as divalent transition metal transporters (97) that
most notably transport manganese and iron. A defect in the mammalian NRAMP inhibits
the accumulation of these ions to their appropriate intracellular levels and the prevailing
hypothesis is that as a consequence the macrophages are unable to generate reactive
oxygen and nitrogen species necessary to combat pathogenic organisms (73).
Conversely, the expression of these transporters in bacteria is thought to protect the
organism by providing the same ions for use in molecules that protect against oxidative
stress (i.e., catalase and superoxide dismutase) (148). Ultimately, by competing for the
same ions the bacteria will frequently lose out and succumb to the macrophage attack.
The increase in NRAMP transcription may be an effort by D. radiodurans to increase
intracellular levels of detoxifying proteins such as catalase and superoxide dismutase in
an effort to quench oxidative species generated upon exposure to ionizing radiation.
G. Unknown
1. DR0659
DR0659 is annotated as encoding a homologue of FrnE, but the annotators do not
provide any information regarding its function. Blastp analysis of the amino acid
sequence revealed that its closest Blastp match was to a hypothetical protein from
Thermobifida fusca (43% identity at the amino acid level), but it also had 42% amino

210

acid identity with the FrnE protein of Streptomyces roseofulvus. However, there is no
literature describing a function for this protein. Reeves and Soliday who submitted and
named the sequence from Streptomyces roseofulvus have yet to publish their findings.
Searches for conserved domains within DR0659’s amino acid sequence did reveal that it
possesses a domain like that of FrnE which is a predicted dithiol-disulfide isomerase
involved in polyketide biosynthesis. However, until more is known about FrnE in other
species it is difficult to speculate on the increased expression of this particular gene in D.
radiodurans’ response to ionizing radiation.
2. DRB0141
This gene encodes a protein with 56% identity at the amino acid level with the
HicB protein of Nostoc sp. PCC 7120 and 43% identity with the HicB protein of
Haemophilus influenza. Although the function of these proteins remain unknown they
are typically found within the hypervariable junctions of pilus gene clusters in H.
influenza (160).
II. Repressed Genes
A. Metabolism
1. DR1160
DR1160 encodes a homologue of uricase. Uricase is part of a purine degradation
pathway that liberates nitrogen from purine containing molecules (i.e., adenosine and
guanosine) for use in other cellular processes. Genes in this degradation pathway are
tightly regulated in other systems (63) as their constitutive expression is postulated to
result in a shortage of purine bases for nucleotide synthesis (170). This hypothesis could
account for the observed repression in DR1160’s expression following ionizing radiation
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exposure; D. radiodurans limits uricase as a way to shut down a pathway that could
interfere with DNA synthesis during and following repairs.
B. Cell Division
1. DRC0013
DRC0013 is annotated as a putative N-acetylmuramoyl-L-alanine amidase. These
enzymes were initially implicated in murein recycling, but have now been shown to
participate in septum cleavage during cell division (85). E. coli mutants lacking these
enzymes form septa that are not fully cleaved, resulting in long chains of cells (85).
Moseley et al. demonstrated that cell division was halted in irradiated D. radiodurans and
does not begin again until DNA repairs are completed (139). Transcriptional repression
of this gene may serve to control the cell division process by limiting the amount of this
protein within the cell. While incomplete cell septation is potentially protective,
effectively giving the cell more time for the completion of repairs, it may have nothing to
do with with D. radiodurans’ radio-resistance mechanisms.
C. Protein Fate
1. DR1325
DR1325 is annotated as encoding an endopeptidase-related protein, but its closest
BLASTp match was to an outer membrane protein precursor of Neisseria meningitidis
(48% identity) that is similar to an invasion-associated protein
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=0
7228772&dopt=GenPept). Endopeptidases hydrolyze peptide bonds effectively targeting
them for rapid hydrolysis. However, because the TIGR annotation and the BLAST
analysis of DR1325 are quite dissimilar it is difficult to speculate on how decreased
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levels of this protein would facilitate D. radiodurans’ survival following ionizing
radiation.
2. DR1459 and DRA0341
These two genes encode homologues of serine proteases within the subtilase
family. DR1459 was initially induced at the 0 and 0.5 hour time points following
irradiation, but by the 1 hour time point the abundance of this transcript was below unirradiated levels suggesting that the expression of DR1459 is tightly regulated. This may
indicate that the protein encoded by DR1459 targets peptides produced at the beginning
of D. radiodurans’ response to ionizing radiation. Alternatively, DR1459 may be
initially up-regulated to deal with proteins damaged during irradiation and is then downregulated once damaged proteins have been sanitized from the cell. DRA0341 was not
observed among the induction dataset, but it also achieved repressed levels at a later time
point post irradiation. Further discussion of serine proteases can be found in the Induced
Genes section.
D. Transport
1. DR0363
DR0363 is annotated as putative peptide ABC transporter, periplasmic binding
protein. These proteins belong to the ABC superfamily of transporters discussed in the
Induced Genes section. Additional information provided by the TIGR website predicts
that DR0363 is actually in a gene cluster with three other transporter constituents,
DR0364 and DR0365. DR0364 and DR0365 are both predicted membrane proteins.
Although all of the genes that comprise one of these transporters are typically clustered
together, the gene encoding the ATP binding cassette does not appear in this presumed
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operon. However, based on sequence homologies to other known transporters the
complex assembled from these three proteins is probably necessary for the transport of
peptides across the cell membrane. It is not clear why the other two genes in this
presumed operon are not repressed beyond the threshold or why this particular transporter
would be down-regulated following ionizing radiation exposure.
E. Other
1. DRA0065
The expression of a gene encoding a homologue of DNA-binding protein HB
(39% identity to the HBsu protein of Bacillus subtilis) was repressed following ionizing
radiation. These histone-like proteins wrap DNA non-specifically and condense the
chromosome into highly folded nucleoid structures (131, 132). These small basic
proteins have also been shown to influence transcription by affecting chromosomal
condensation around promoter sites (104). HBsu is essential in Bacillus subtilis and
HBsu homologes are essential in Pseudomonas putida (11) as well. E. coli can survive
without its homologue, but there are growth deficiencies involved with its absence (92,
198). Attempts to inactivate this protein in D. radiodurans by insertional mutagenesis
were unsuccessful (unpublished results) suggesting that this histone-like protein is
essential for normal growth like P. putida and B. subtilis.
F. Unknown
1. DR0548
This gene was annotated by TIGR as encoding a putative type IV pilin. However,
there has never been any report of D. radiodurans possessing pili under any
circumstance. In addition, our own Blastp analysis of the amino acid sequence of this
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putative protein revealed that it did not match to any other type IV pilin sequence in any
current database and that its only match was to a hypothetical protein in Rhodobacter
sphaeroides (36% identity). Given that this gene product is without a clear function we
cannot speculate on the reason for its repression during D. radiodurans’ response to
ionizing radiation.
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